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Collbaclllosls Is a respiratory tract disease of turkeys caused by 
virulent strains of Escherichia coll. Following Inhalation, bacteria 
enter the blood, multiply and cause acute pneumonia and septicemia. 
Currently, several essential steps In the pathogenesis of coll-
septlcemla remain unclear: a) Where do JE. coll cross the alr-blood 
barrier to enter the bloodstream? b) What cell type Is Involved? c) 
What Is the ultrastructural response of the lung during peracute 
collseptlcemla? d) Is flmbrla-medlated adherence to respiratory cells 
required for the development of bacteremia? e) Do cells of the 
respiratory tract of turkeys express receptor sites for type 1 flmbrae? 
This dissertation describes the development of bacteremia and peracute 
lesions of collseptlcemla In the trachea and lung of turkeys. 
Specifically Investigated Is the passage of coll across the 
alr-blood barrier of the lung and the role of flmbrla-medlated 
adherence In the pathogenesis by using histologic and electron 
microscopic examination, quantitative blood cultures and lectins as 
hlstochemlcal probes. 
Bacteremia occurs when birds Inhale virulent strains of 
Escherichia coll present In aerosolized dried fecal 
m a t e r i a l . E x p e r i m e n t a l l y ,  v i r u l e n t  s t r a i n s  a r e  
present in the blood as soon as 3 hours post Inoculation and replicate 
11 99 to high numbers. * Birds are commonly predisposed to the 
2 
development of coliseptlcemla by toxins, stress, or previous Infections 
with other organisms. 
Naturally occurring colibacillosls has been divided into three 
22 50 52 forms: acute, subacute and chronic. * ' The acute form is seen in 
birds less than two weeks of age and characterized by hemorrhagic and 
edematous lesions in the lung, air sacs, and intestines. The subacute 
form is most common and occurs in older birds roughly 6-8 weeks old. 
There is high morbidity and mortality with flbrlnopurulent lesions in 
the lung, pericardium, air sacs, and peritoneum. Older birds surviving 
the first two forms of coliseptlcemla can develop characteristic 
22 granulomas (collgranulomas) in the lung, liver, and spleen. 
Entrance of ^  coll Into the blood is essential for development of 
11 22 53 99 
septicemia. > * * The lung, because of its rich vascularity and 
thin air-blood barrier Is a likely site for invasive strains to enter 
22 the circulatory system. Studies of pulmonary infection have used 
aerosolized, dried feces containing E. coll, aerosolized E. coll 
(without feces) as well as Intratracheal and Intra-alr sac 
Inoculation.Virulent strains are Inhaled and 
replicate to high numbers in the blood, whereas nonvlrulent strains are 
not detected in the blood. Therefore, passage across the air-blood 
barrier is critical in the pathogenesis and has led to adherence 
studies to better understand the first step in invasion of mucosal 
surfaces. 
3 
Adherence of ^  coll to pharyngeal and tracheal cells of chickens 
has been demonstrated, by both In vitro and In vivo methods, to Involve 
30 31 85 fimbriae. ' ' Most virulent strains of E. coll express type 1, 
D-mannose binding fimbriae which attach specifically to D-mannose 
12 55 
residues on the apical surfaces of chicken tracheal cells. * 
Adherence mediated by type 1 fimbriae has not been demonstrated In the 
turkey trachea or In the turkey gastrointestinal tract; however, 
fimbriae may promote attachment to the apical surfaces of specific 
cells such as air capillary epithelial cells or the cells that line air 
33 125 
atria. ' The apical surfaces of these cells may have specific 
receptor sites for fimbriae such as terminal D-mannose residues on 
membrane glycoproteins. 
It is my hypothesis that virulent strains of coll pass through 
air capillary epithelial cells, the underlying basement membrane and 
the endothelial cell of adjacent pulmonary capillaries to enter the 
bloodstream. The purpose of these studies is to: 1) determine the 
specific cellular or anatomic site where ^  coli pass the air-blood 
barrier in the turkey lung, 11) determine the ultrastructural lesions 
of respiratory epithelial cells and pulmonary vasculature during acute 
collseptlcemia, ill) identify in situ receptor sites (D-mannose sugars) 
for type 1 fimbriae in the trachea and lung by using lectin 
hlstochemlcal probes, iv) determine If adherence mediated by type 1 
fimbria is essential for the development of bacteremia in the lung. 
4 
This dissertation Is presented In the alternate format and 
consists of two manuscripts to be submitted to refereed scientific 
journals; the first manuscript will be submitted to Laboratory 
Investigation and the second manuscript will be submitted to Veterinary 
Pathology. The format used In this dissertation Is that required by 
Veterinary Pathology for 1989. A literature review precedes the first 
manuscript and a general summary and review follow the second 
manuscript. A list of references follows each manuscript; references 
to literature cited In the Introduction, literature review, and general 
summary are at the end of the dissertation. 
The National Animal Disease Center - National Veterinary Services 
Laboratories' Animal Care and Use Committee reviewed and approved this 
study and determined that the animals were treated humanely In all 
procedures Involved In this study. 
The Ph.D. candidate, Mark R. Ackermann, was the principal 




Collseptlcemla Is a common respiratory disease caused by virulent 
strains of Escherichia coll. These strains normally Inhabit the 
Intestinal tract, and Inhalation of feces contaminated with ^  coll Is 
thought to be the primary route of natural transmission. 50,53,61,62 
Young, recently hatched chicks and poults are especially susceptible 
22 AA 82 AA 
and mortality rates can be high. * ' * Outbreaks more commonly 
22 AA 82 8A 
occur In older birds and mortality rates can also be high. * * ' 
Infected birds rapidly develop bacteremia and acute fibrinous 
lesions. Acute lesions are characterized by hyperemlc viscera; 
subcuticular, hepatic, and articular hemorrhage; pulmonary edema, 
opacification of alrsacs, foci of necrosis In the liver, spleen, and 
lymphoid tissues and reticuloendothelial hyperplasia. 
Birds surviving develop subacute lesions consisting of flbrlnopurulent 
alrsacculltls, pericarditis, perihepatitis, peritonitis and 
occasionally synovitis, panophthalmitis, and 
s a l p i n g i t i s . C h r o n i c  f o r m s  a r e  c h a r a c t e r i z e d  b y  t h e  
development of granulomatous pneumonitis, hepatitis, and 
enteritis.22*50 
Factors that have been reported to predispose birds to 
collseptlcemla Include: overcrowding, heat, cold, toxins (aflatoxlns), 
21 23 62 81 105 
ammonia, and Infectious agents. > • * > Even socialization 
6 
stresses such as caretaker handling can Influence susceptibility. 
Microbial agents associated with colisepticemia are: Mycoplasma 
meleagridis. Mycoplasma gallisepticum, Newcastle disease virus, 
22 23 infectious bursal disease virus, and marble spleen disease virus. ' 
Colisepticemia can be reproduced experimentally in turkeys and 
chickens by inoculating virulent strains of coli by aerosol, iv, 
intratracheal, air sac and intramuscular routes. 
Turkeys orally exposed to ^  coli do not develop colisepticemia but do 
32 33 develop severe pyogranulomatous bursal lesions. * 
Entrance of virulent strains of ^  coli from the respiratory tract 
into the bloodstream is crucial to the pathogenesis of colisepticemia. 
This is exemplified by the development of bacteremia following 
aerosolization: birds exposed to aerosols of avirulent strains do not 
become bacteremia whereas virulent strains are present in the blood as 
early as three hours post-aerosol.^  ^ Sites that have been suggested 
for E. coli passage across the respiratory epithelium may include: the 
follicular-associated epithelium overlying the bronchus-associated 
lymphoid tissue (SALT), through pneumocytes that line air capillaries, 
22 79 124 
and across extra-pulmonary epithelium, e.g., air sacs. * * 
Avian septicemic strains, like most pathogenic strains of 
Escherichia coli with a tropism for a particular tissue, are adapted 
for Invasion into the bloodstream. Most commonly examined virulence 
factors Include capsules (K), lipopolysaccharide (0), fimbriae and 
7 
flagella. The following discussion focuses on the virulence factors 
which are necessary for the complex pathogenesis of septicemia. 
Organism and virulence factors of pathogenic strains 
Escherichia coll strains are often endowed with specialized 
virulence factors for a variety of pathogenic mechanisms. Strains of 
E. coll can be divided Into pathogenic groups: 1) enterotoxigenic 
(ETEC), enteric strains that Induce secretory diarrhea, 2) enteric 
strains that release systemic toxins such as Shlga-llke toxin II 
variant of edema disease, 3) enterolnvaslve, enteric strains that 
directly Invade enterocytes, 4) enteropathogenlc, attaching and 
effacing strains (AEEC) which intimately adhere to the apical 
cytoplasmic membrane of enterocytes, 5) uropathogenlc, strains causing 
urinary tract Infection, 6) strains causing the uremic-hemolytic 
syndrome, and 7) septicemic, strains which become septicemic via 
58 127 
umbilical Infections or the pathogenic avian strains. ' 
Septicemic strains have evolved specialized virulence factors for 
entrance Into the vasculature. Those strains causing septicemia and 
meningitis In children commonly have a K1 capsule, 018 LPS antigen, and 
72 91 S fimbriae. ' In a rat model of neonatal septicemia In children. 
Increased virulence Is associated with strains that express S 
fimbriae.S fimbriae were thought to bind to endothelial cells of 
the choroid plexus and ventricles for entrance Into cerebrospinal 
fluid. 
8 
Pathogenicity of septicemic strains of calves Is associated with 
the Col V plasmld and CS31Â fimbriae.Up to 30% of calves 
with septicemia fall to Ingest adequate amounts of colostrum (failure 
25 129 
of passive transfer), specifically IgM. * Entrance Into the 
bloodstream of calves as well as sheep, foals and other species often 
occurs In the tonsil, umbilicus or Intestine whereas entrance Into the 
130 bloodstream of poultry probably occurs In the lung. 
E. coll are classified by serotyplng cell wall (0), capsule (K), 
and flagella (H) antigens. A recent study of 91 Isolates from field 
reared broiler chicks In Delaware Identified 0 serogroups 02, 078, 035, 
and 05 at a frequency of 26.6%, 11.3%, 8.5%, and 1.7%, 
respectively.Serogroup 02, 078, 035 represented 54.9% of 
the Isolates obtained from clinically affected broilers that were 
between 2 and 8 weeks of age. Experimentally 035, 078 and 02 serotypes 
were the most pathogenic Isolates. However, 28.2% of the 91 Isolates 
were untypable with the available reference serums. Other studies have 
Identified a predominance of serogroup 01 and 036, but rarely 
035.^ *^^ *^^ *^®^ *^ ^^ *^ ^^  Cloud et al. suggested that 035 may be an 
emerging pathogen In Delaware. 035 was also reported as a relatively 
common pathogenic serogroup In Bulgaria.Rough mutants lacking 0 
antigens are also pathogenic. 
The predominant H serogroups In the Delaware study were H21 
(5.6%), H9 (5.1%), HID (3.0%), but 33.5% of the strains had untypable H 
antigens.Approximately 42% of the H Isolates did not 
9 
possess flagellar antigen and were also untypable. These data differ 
from a study using fewer numbers of isolates which indicated that most 
12 
virulent strains are motile. 
Using 197 Isolates from field reared broilers (n=177) and normal 
hatchery chicks (n=20), Rosenberger et al. identified Kl serogroup most 
commonly (18.8%) among typeable K groups; however, most strains had 
untypeable K antigens (63.5%).^ ^^ '^ ^^  K antigen is an 
exopolysaccharide that is poorly immunogenic and inhibits 
86 120 phagocytosis. * In general, severity of disease caused by 
capsulated bacteria has been correlated with the amount of capsular 
91 
material. There are more than 100 capsule types of ^  coli but only 
a few are associated with pathogenic strains (Kl, K5, K12, and K80 of 
E. coli 078:K80),^ *^92,120,130 Q^ gj. gQ% GF E. coli neonatal meningitis 
and a high proportion of ^  coli bacteremias and urinary tract 
120 infections in humans are caused by strains with the Kl capsule. 
The Kl antigen is the most studied capsular group. The 
polysaccharide is composed of repeating units of a-(2-8) residues of 
77 N-acetyl neuraminic acid (NeuNAc). Kl reduces susceptibility to 
phagocytosis and to killing by serum, and masks surface structures that 
directly activate complement, thereby inhibiting opsonization by 
C3b.***^ '^ ^^  Incomplete opsonization probably has a major role in 
decreased phagocytais in vivo. 
Capsular material is a poor immunogen and there is a limited 
antibody response. For example, 1-3 glucan, a capsular compound bound 
10 
by Congo red dye, Is poorly Immunogenic and may be expressed by 
13 
virulent avian strains to evade immune surveillance. In addition, 
high antibody titers to several bacterial cell components are present 
in the serum of humans with ^  coli infections but significant levels 
of anti-Kl antibodies capable of opsonization may not be detected. 
Poor immunogenicity of K1 is related to its similarity in composition 
to gangliosides present in mammalian serum and cell membranes. 
Iron acquisition by virulent strains of coli plays an important 
role in septicemia.Some virulent strains survive in the blood 
because they acquire iron.^ '^^ '^^ '^*^ '*^  A high proportion of invasive 
E. coll isolated from calves, lambs, poultry and man express genes in 
the Col V plasmld or chromosomal DNÂ that code for the aerobactin 
inducible iron-outer membrane protein receptor and a hydroxymate 
18 
slderophore, aerobactin, to sequester and take up iron. In addition 
to the aerobactin system, the Col V plasmid codes for the production of 
colicin V which is a bacteriocidal protein. However, colicin V is not 
associated with virulence in avian strains. 
The gene for aerobactin is in the iuc genome and the code for 
ferric aerobactin uptake protein (proteinacous receptor) is in the iut 
126 
genome. A probe for aerobactin hybridized with 12/12 highly 
126 
virulent avian strains and only 1/12 nonvirulent strains. Most of 
the hybridized isolates expressed the aerobactin receptor since these 
same Isolates were killed by cloacln DF13, a protein that lethally 
11 
binds the aerobactin receptor. Certain strains of E. coll produce a 
hemolysin which also has been speculated to aid In Iron 
accumulation. 
Septicemic strains of ^  coll are generally resistant to the 
antibacterial effects of serum. In a study by Ellis et al., serum 
resistance or sensitivity of selected ^  coll Isolates from turkeys was 
determined by measuring bacterial growth in turkey serum over three 
hours and virulence of the isolates was determined by Intravenous 
Inoculation of 3-week-old turkey poults. Using this system, 18/25 
avian strains of ^  coll could be classified into 
37 
serum-resistant/virulent or serum-sensltive/avlrulent catogorles. 
Serum resistance of virulent strains was thought to represent 
resistance of these strains to complement-mediated lysis or 
opsonization by C3b. The authors cited data from another study which 
showed that virulent strains of ^  coll causing pyelonephritis were 
less efficiently opsonized by complement and less efficiently 
phagocytosed. 
Biochemical fermentation tests of avian virulent strains are 
variable; no common patterns were identified in one study using 
Isolates cultured from clinical disease.Fermentation of 
adonitol by 035 isolates was high (76.9%) as was fermentation of 
dulcltol by 078 Isolates (50.0%). Decarboxylation of ornithine by 02 
isolates was low (22.2%). Dulcltol fermentation (along with other 
attributes such as serum resistance, K antigen, hemolysin, and colicln 
12 
production) is also important for invasive strains of ^  coll 
pathogenic to humans. 
Antibiotic sensitivity patterns and metabolic activities 
59 
associated with virulence have been identified. Arp et al. found 
12 that most virulent strains are motile. However, none of these 
factors (antibiotic sensitivity, metabolism, or motility) were 
correlated with virulence in recent studies by Rosenberger et 
ai^101,102 
Isolates of ^  coll have been traditionally classified according 
to serotyping of 0, K, and H antigens and this system has led to the 
establishment of a large numbers of strains. For example, there are 
currently more that 160 0 groups.^  In some cases this system is 
effective in identifying strains with common virulence factors and 
pathogenicity, but more frequently, strains consist of a wide range of 
virulence» Therefore, other methods have been used to classify E. 
coll. Congo Red (CR) dye, which binds 1-3-glucan present on the cell 
wall, has been used as a phenotyplc marker to distinguish invasive and 
non-invasive strains.All of 144 isolates from infected 
tissues of birds with collseptlcemla were CR positive whereas less than 
50% of coll isolated from the poultry house environment or tracheal 
and cloacal swabs of healthy birds were CR negative. Others have found 
131 CR to be an unreliable phenotyplc marker of virulence. 
Genetic relatedness has been used to classify certain collforms, 
including E. coli.^  In the last few years there has been an emphasis 
13 
on the Identification of bacterial clones by use of different 
electrophoretlc migration patterns of Isoenzymes and outer membrane 
proteins (porlns, K protein, OMP A protein, PCP protein). These 
procedures can be quick, cheap, and easy, resulting In data that can be 
used statistically for Identification of clonal groups. 
Recently, avian pathogenic strains have been grouped Into clones 
128 
according to allelic variation of 15 enzyme loci. One-third of the 
79 Isolates could be grouped Into a single clone, and two-thirds of the 
Isolates could be grouped Into 10 clones. These 10 clones had a high 
concordance of genotype, serotype and antibiotic sensitivity. In 
addition, avian serotype 02:K1 was shown to be composed of distantly 
related clonal groups' similar to the 02:K1 clonal typing of human E. 
«U.^ .3 
Cross-species Infectlvlty of certain clone types have been 
27 demonstrated. Dassoull-Mranl-Belhebla et al. Identified a clone of 
078 Isolates of coll from septicemic animals of different species: 
bovine, porcine, ovine and chickens. The clone consisted of 078 
Isolates with OMP A and high expression of the Col V phenotype. 078 
OMP A ^  coll types are also Isolated from human cases of septicemia. 
These results are similar to work by Achtman et al. who Identified two 
02:K1 clonal groups; one Isolated from humans and poultry and the other 
2 Isolated from humans and bovine. 
14 
Newer methods of taxonomy using DNÂ hybridization or sequence 
analysis of SNA hâve been proposed but are currently too elaborate for 
analyzing large numbers of different strains within one species. 
Fimbriae 
Fimbriae are filamentous protein projections that can facilitate 
t h e  a d h e r e n c e  o f  b a c t e r i a  t o  e u k a r y o t l c  h o s t  c e l l s . T h e s e  
structures bridge the repellng force of negatively charged bacterial 
cells and host cells. They are made of subunlts, fimbrins, and most 
virulent avian strains of ^  coll are fimbriated with type 1, 
mannose-blndlng fimbriae consisting of fimbrins with a molecular weight 
of approximately 17,000.^ '^^  ^
Antibodies to type 1 fimbriae of one serotype can protect birds 
from challenge with homologous strains but may not cross protect birds 
to challenge with heterologous strains.Type 1 fimbriae from 
three serotypes, 02, 01 and 078, were compared for antigenic 
relatedness using agglutination, immunodiffusion and Immunoblot assays 
with polyclonal antibodies, and partial amino acid sequences. The 
fimbriae contained unique antigenic epitopes and similar epitopes 
corresponding to areas of amino acid heterogeneity and homology 
respectfully.Thus, amino acid heterogenlty accounts for the 
poor antigenic relatedness between type 1 fimbriae. Virulent strains 
resist clearance by the liver and anti-type 1 flmbrlal antibody does 
not enhance clearance of type 1 fimbriated strains.^  
15 
Fimbriae and outer membrane proteins from several avian strains 
reportedly mediate bacterial cell attachment to tracheal and pharyngeal 
30 31 85 
cells of chickens. * ' Dho and Lafont demonstrated pharyngeal cell 
adherence by calculating an adhesion index (mean number of bacteria per 
epithelial cell, calculated from 100 cells) and adhesion ratio (ratio 
of the number of epithelial cells with at least five attached bacteria) 
for 59 ^  coll strains; 21 of the 56 strains were highly adherent to 
pharyngeal cells and 16 of these were also lethal to chicks. 
. In contrast to pharyngeal cell adherence, many studies claiming 
tracheal adherence fail to demonstrate convincing evidence. In one 
study, tracheal colonization was assumed when quantitative cultures 
(number of organisms per gram of trachea) were compared between 
avirulent and virulent strains given per os to gnotoxenlc, axenic, and 
31 holoxenic chickens. Virulent strains reached greater population 
sizes in the trachea and feces in gnotoxenlc and axenic birds but more 
than 70% of the tracheas from gnotoxenlc birds had less than 1000 
organisms per gram. Although fecal material was considered to be the 
reservoir and source for ^  coll, there was no discussion about the 
possibility of increased numbers of tracheal bacteria being due to the 
increased populations in the feces that are aerosolized into the 
trachea. Furthermore, avirulent and virulent strains could not be 
recovered from the tracheas of holoxenic chickens. In a different 
study, in vivo and in vitro tracheal cells were exposed to either 
fimbriated or non-fimbriated E. coll and then examined by scanning 
16 
85 
electron mlcroscopsy. Tracheal cell adherence was suggested but not 
quantified or estimated. The authors published micrographs of 
bacterial cells overlying the cilia of tracheal epithelial cells and 
discussed adherence to tracheal cells but did not quantitate adherence 
in any manner, or describe the type adherence in terms of distribution 
(for example: diffuse, multifocal or ciliated cells only, ciliated and 
non-ciliated cells), or describe the density of colonization (heavy, 
light, sparse, etc.) 
Tracheal adherence was more firmly characterized in a study using 
chicken tracheal cells in vitro. Flmbria-mediated adherence was 
inhibited by D-mannose and Concanavalln A (binds mannose and glucose 
receptors) but not by D-glucose. D-mannose was identified as the 
specific biologic receptor for avian type 1 fimbriae.Binding was 
also inhibited by saccharide receptor destruction with sodium 
metaperiodate and by fimbrial saturation with anti-fimbrial antibody. 
Type 1 fimbriae are not Important for adherence of pathogenic E. 
coll to the gastrointestinal tract of turkeys.Domlnick et al. 
orally inoculated gnotobiotic turkeys with highly and weakly virulent 
strains of ^  coll and determined fimbrial expression In vivo using 
negative staining of gut contents and Immunofluorescence of tissue 
sections. Non-fimbrlated strains were most numerous and organisms were 
rarely Intimately associated with enteric epithelium. Increased 
numbers of fimbriated strains were present in the colonic mucus and it 
17 
was suggested that fimbria may promote bacterial trapping in the 
intestinal mucus. 
E. coll flmbrla-medlated adherence is crucial to the colonization 
58 
of the small intestine and urinary bladder in other species. These 
Include well studied fimbriae that mediate adherence in the porcine 
and/or bovine small intestine: K88, K99, 987P, and F41. Colonization 
factors I and II (CFA/1 and CFA/II) are plasmld mediated flmbrlal 
structures that mediate colonization of human strains of 
enterotoxigenic Escherichia coll (ETEC). P-flmbrlae of human 
uropathogenlc strains of E^  coll mediate attachment to the renal pelvis 
epithelium.Recently, nonflmbrial mannose resistant adheslns for 
human uropathogenlc strains of ^  coll have been described and 
characterized as cell wall proteins that mediate adhesion to urinary 
epithelial cells. 
Strains of ^  coll causing diarrhea and edema disease of swine 
elaborate toxins (Appendix, Table 1). 
Respiratory tract anatomy and histology 
Avian tracheas bifurcate at the syrinx into two primary bronchi 
which enter the lung and are called main intrapulmonary 
bronchi.These structures progressively narrow in 
diameter but extend the entire length of the lung and open into caudal 
abdominal airsacs. Numerous, complex secondary bronchi branch from the 
18 
primary bronchus along Its entire length (Appendix, Figures 1 and 2). 
The submucosa of secondary bronchi contains collections of lymphoid 
125 follicles (bronchus-associated lymphoid tissue) in older birds. 
Tertiary or parabronchl arise from secondary bronchi and are 
composed of air atria, Infundlbula and air capillaries. Air atria are 
lined by squamous to cuboldal cells which secrete two types of 
surfactant-like material. They open Into alrcaplllarles by small. 
Irregular channels called Infundlbula. Parabronchl contain numerous 
air capillaries which are the site of gaseous exchange. 
Granular cells that line air atria are Important for regeneration 
of denuded epithelium and secretion of surfactant. The surfactant Is 
contained within secretory vacuoles called laminated osmlophlllc 
95 75 Inclusion bodies and are the reason for the name "granular". * In 
lungs of budgerigars Infected with Sarcocystls falcatula, granular 
cells discharged their cytoplasmic Inclusions and differentiated Into a 
regenerative cell type which reeplthellzed the atrial. Infundibular and 
alrcaplllary surface.Smith et al. concluded that granular cell 
function Is analogous to type II pneumocytes In mammals. 
Nongranular cells also line air atria. In avian embryos and young 
birds the cells secrete a second type of surfactant-like material, 
95 termed trilaminar substance (TLS), that may be unique to birds. 
Ultrastructurally, TLS consists of two osmlophlllc layers paralleled by 
two nonosmlophllic layers.It lines air atria and small areas of air 
19 
capillaries and may aid in keeping airways dry by absorbing water. 
It has been suggested that TLS is rich in sphingollpld.^ ®'®^  
Air capillaries are cylindrical, branching airways with a narrow 
lumen (3-10 um) and lined by flat to squamous-llke respiratory 
pneumocytes. The air-blood barrier in birds is extremely thin with a 
harmonic mean thickness of 0.3um in domestic poultry to allow efficient 
40 gas diffusion. The barrier consists of the pneumocyte lining the air 
capillary and its osmiophllic lining (12% of thickness in chickens), 
basement membrane (21%), and endothelial cell (67%). Thus, air 
capillaries are in intimate association with a rich network of 
pulmonary capillaries. Fifty-one percent of the blood in the chicken 
lung is present In pulmonary capillaries and gas exchange is 
facilitated by a countercurrent mechanism whereby air flow is 
perpendicular to the direction of blood flow.*^ *^  ^
Air capillary epithelial cells and cells lining air atria are 
overlaid by a thin layer of surfactant biochemically similar to that 
95 97 found in mammals. * The surfactant material is a complex 
dlsaturated phosphatidylcholine secreted from laminated osmiophllic 
Inclusion bodies of granular pneumocytes.This material forms a 
thin osmiophllic layer on the surface of cells lining air atria and 
pneumocytes lining air capillaries but probably has a different 
function than mammalian surfactant.Mammalian surfactant 
functions to decrease surface tensions of alveoli to prevent collapse. 
In contrast, bird lungs are rigid structures and collapse of air 
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capillaries does not occur. However, there would be a tendency for 
Inward collapse and Instability If air capillary lumens contained 
liquid. Therefore, avian surfactant may decrease surface tension and 
keep airway lumens dry to prevent transudation of fluid Into the 
airway. 
Secondary bronchi and air capillaries exit the lung parenchyma 
Into air sacs via slightly enlarged portions termed saccobronchl. 
Turkeys have nine air sacs: a single clavicular and paired cervical, 
cranial thoracic, caudal thoracic and abdominal.They are lined 
by a thin layer of squamous-llke cells which are supported by a thin 
layer of elastic, reticular and connective tissue. The serosal surface 
Is lined by a single layer of mesothellal cells. At their origin from 
the lung air sacs are continuous with saccobronchl. Saccobronchl and 
adjacent portions of air sac are often lined by dilated cells. 
Air flow In birds follows a complex pathway determined by anatomic 
structures representing evolutlonarlly defined components termed the 
neopulmo and paleopulmo.^ *'^ '^*^  These two regions cannot be 
differentiated histologically but are significantly different 
functionally in that air flow through the paleopulmo is always 
unidirectional (caudal to cranial) while neopulmo air flow is 
bidirectional. Channeling and directing of air flow is primarily 
controlled by angular positioning of the secondary bronchi. Most 
crucial to the organizational function is the medial dorsal secondary 
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bronchus since the angle of this airway Is such that air can only enter 
In one direction. 
Upon Inspiration, air entering the Intrapulmonary primary bronchus 
flows to the neopulmo and caudal air sacs (caudal thoracic and 
abdominal). The air also flows from the primary bronchus Into medial 
dorsal secondary bronchus and to the paleopulmo and cranial air sacs 
(cranial thoracic, cervical and clavicular). During expiration, air In 
the caudal air sacs flows back through the neopulmo In the opposite 
direction, and through the medial dorsal secondary bronchus Into the 
paleopulmo In a caudal to cranial (unidirectional) direction. Cranial 
air sacs empty Into the medial ventral secondary bronchus which directs 
air to the primary bronchus leading to the trachea. Greatest retention 
of aerosolized particles Is In the caudal lung regions, presumably due 
to bidirectional airflow. 
•Respiratory mucosal Immunity 
The avian Immune system consists of thymus, which Is responsible 
for the differentiation of stem cells Into T cell subsets, the bursa of 
Fabrlclus which Is responsible for the differentiation of B cells, and 
the peripheral lymphoid tissue which Is populated by differentiated 
cells leaving the bursa and thymus.The peripheral 
lymphoid tissue (PLT) has a major role In mucosal Immunity of the 
respiratory tract. 
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The trachea Is protected by coughing and clearance of particles by 
ciliary movement of tracheal mucus. Moreover, tracheal secretions are 
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rich In IgG and have lesser amounts of IgA. The tracheal lamina 
propria contains low numbers of diffusely scattered lymphocytes; the 
predominant Immunoglobulin containing cell expresses IgG. Lesser 
numbers of IgA and IgM containing lymphocytes are also present.^  
Experimentally In tracheas whose epithelium were damaged by ^  avium, 
clearance of coll decreased regardless of coll fImbrlal 
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status. Other pathogens act similarly to predispose the trachea or 
no 81 ins 
lung to secondary Infections with coll. * * 
Aggregates of lymphocytes are present In the conjunctiva, the 
conjunctiva-associated lymphoid tissue (CALT), and In the lung, the 
bronchus-associated lymphoid tissue (BALT).^ ^^  These aggregates form 
small, nodular protrusions and are overlaid by a thin layer of 
folllcule-assoclated epithelium (FAE). 
In the lung, BALT nodules are located at junctions of secondary 
bronchi and become very large and prominent with chronic antigenic 
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stimulation. They are Infiltrated with heterophils soon after 
exposure to ^  coll and are thought to be an Important site of antigen 
uptake.Follicles develop distinct germinal centers which stain 
Immunohlstologlcally for IgG and IgM secreting lymphocytes and not for 
IgA secreting cells.^  Furthermore, T cells have been detected In the 
perifollicular areas. There are few immunoglobulin secreting cells in 
the lamina propria of airways outside of the BALT areas. 
23 
Turkey lungs have low numbers of Intra-alr capillary (alveolar) 
macrophages but numbers are Increased markedly after infection or 
experimental Injection of Freund's adjuvant into the air sac.*^ '^ ^^  
Adjuvant-attracted monocytes function as activated macrophages and this 
121 is probably also true for monocytes attracted by bacterial antigens. 
In addition to macrophages, there is also a rapid influx of heterophils 
following infections with bacteria or bacterial antigens and these 
88 
cells are capable of oxidative function. 
Several investigators have demonstrated a natural resistance to 
bacteremia and collsepticemia in chickens and turkeys older than 2 
weeks. This is thought to be due to mucosal and systemic maturation of 
complement, immunoglobulins, or macrophage and heterophil 
function.101'102'124 
Lectin histochemistry 
Lectins are proteins that bind carbohydrate groups. A more 
precise and specific definition has been developed by Goldstein et al. 
and expressed by Damjanov: "lectins are carbohydrate binding proteins 
of nonimmune origin which agglutinate cells and/or precipitate 
glycoconjugates. These substances bear at least two sugar binding 
sites, have no enzymatic activity, may be soluble or membrane bound, 
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and are of either bacterial animal or plant origin." Other synonyms 
used in the past include: phytoagglutinins, normal antibodies, and 
receptor specific proteins. 
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Lectins are classified according to their binding specificity to 
carbohydrate groups Into five groups: 1) glucose/mannose group, 2) 
N-acetylglucosamlne group, 3) galactose/N-acetylgalactosamlne group, 4) 
26 l-fucose group, and 5) sialic acid group. These binding 
specificities are not absolute and there can often be an affinity of a 
lectin In one group to a carbohydrate of a different specificity. 
In pathology, lectins have been used as hlstochemlcal and 
ultrastructural probes.Glycoconjugates present In the 
respiratory tract of mice, hamsters, rats and humans have been 
c h a r a c t e r i z e d  b y  l e c t i n  h i s t o c h e m i s t r y . C a r b o h y d r a t e  
groups present In tissues are relatively well-preserved following 
routine processing and embedding, although electron microscopy studies 
have been facilitated by the use of special embedding media such as 
Lowlcryl and LR White. This Is because traditional compounds used for 
etching plastic (Epon, Medcast) embedded tissues are often detrimental 
to the polysaccharide or the linkage of the polysaccharide to proteins. 
For example, sodium perlodate, a common etching agent, is a strong acid 
and quickly hydrolyzes glycosidic linkages. Strong bases (sodium 
ethoxlde) used for etching preserve glycosidic linkages but hydrolyze 
the 0-linkage of polysaccharides to serine and threonine residues of 
membrane proteins. 
In addition to normal physiologic functions, glycoconjugates 
present on the apical surface of epithelial cells can serve as 
receptors for pathogens. Tracheal attachment by Bordetella avium, for 
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example, Is Inhibited experimentally by sialic acid residues, and E. 
coll adherence to upper tracheal cells of chickens Is mediated by 
adherence of type 1 fimbriae to D-mannose,^ *^^  ^ Furthermore, 
S-fImbrlae of invasive ^  coll strains causing neonatal septicemia in 
humans bind sialic acid residues. 
Cell surface glycoconjugates can be altered by inflammation and 
neoplasia and lectins have been used to detect these changes. Lectins 
are useful tools in investigating neoplastic transformation, and 
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metastatic or recurrence potential of certain tumors. 
It is my hypothesis that ^  coll cross the air-blood barrier by 
passing through pneumocytes that line air capillaries and enter 
pulmonary capillaries. This mechanism of septicemia is supported by 
these facts: 1) the air-blood barrier in birds Is very thin compared 
to other species 2) birds have a large pulmonary capillary blood volume 
3) poultry develop bacteremia rapidly following pulmonary 
exposure.**'?»'»» 
Therefore, E. coll adherence to cells lining tertiary bronchioles, 
air atria and air sac, as well as the role of fimbriae In the lower 
respiratory tract require further study. Certain cell types infected 
by ^  coll may express glycoconjugates on their apical plasma membrane 
which could be used by invasive strains of ^  coll for attachment, 
adherence and invasion. 
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PASSAGE OF ESCHERICHIA COLI ACROSS THE AIR-BLOOD 
BARRIER IN THE LUNG OF TURKEYS (MELEAGRIS GALLOPAVO) 
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Fimbriated and nonfImbrlated strains of Escherichia coll were 
Inoculated Intratracheally Into elghteen-day-old turkeys. Venous blood 
was cultured and birds were necropsled from 0.5 to 8 hours 
post-lnoculatlon (PI). Trachea, lung and air sac were processed for 
electron microscopy, and E. coll 078 was Identified ultrastructurally 
using rabbit antl-LPS antibody and protein A-colloldal gold. All birds 
developed bacteremia; there was no significant difference between 
groups given fimbriated or nonflmbrlated bacteria. It was hypothesized 
that the walls of air capllllarles were an Important site for E. coll 
to pass the air-blood barrier. Bacteria adhered to the plasma membrane 
of air capillary epithelial cells and were seen within vacuoles of 
portions of these cells that lined the fornlces of air capillaries. 
Bacteria were also seen In the basement membrane at the basal surface 
of air capillary epithelial cells and, rarely. In vacuoles of subjacent 
endothelial cells. Infected granular and nongranular cells that lined 
air atria were necrotic 4 hours PI. Bacteria were within the overlying 
trilaminar substance and between reticular fibers of the interstitial 
stroma and pleura at 30 minutes PI and thereafter. Thus, the pulmonary 
air capillaries are an Important site for entrance of ^  coll into the 
pulmonary blood capillaries, and fimbriae play little or no role in 
passage across the air-blood barrier. 
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INTRODUCTION 
The lung Is an Important site for entrance of Escherichia coll 
Into the bloodstream of birds.Avian lungs have a large 
pulmonary capillary blood volume and an extremely thin alr-blood 
12 24 25 barrier ' * consisting of three layers: 1) pneumocytes of air 
capillaries with an overlying thin film of surfactant, 2) an 
Intermediate layer Including the basement membrane, and 3) capillary 
10*12 21 22 25 
endothelial cells. * * * Comparatively, the harmonic mean 
thickness of the alr-blood barrier Is 0.30 um In domestic fowl and 0.65 
12 26 
um In rhesus monkeys and rabbits. * The thinness of this barrier 
may underlie the rapid bacteremia that follows aerosols and 
3 30 
Intratracheal or Intraalr sac Inoculation of virulent coll. * 
Passage of ^  coll from pulmonary airways to bloodstream requires 
contact between bacterial cell wall and respiratory lining cell. 
Bacterial components Involved might Include outer membrane proteins, 
LPS, and outer polysacharrldes. Most virulent strains of E. coll 
express type 1, D-mannose-blndlng fimbriae;^  however, adherence 
mediated by type 1 fimbriae has not been demonstrated In the turkey 
9 35 trachea or gastrointestinal tract. ' Within the lung, other routes 
of entrance Into the bloodstream would Include passage across the 
epithelium that overlies the bronchus-associated lymphoid tissue and 
7 9A 97 
entrance Into the Interstltlum surrounding parabronchl. * ' * 
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The purpose of this study was to: 1) determine the specific 
cellular or anatomic sites where E. coli cross the air-blood barrier, 
2) determine if adherence mediated by type 1 fimbria is essential for 
the development of bacteremia, and 3) characterize the ultrastructural 
lesions of respiratory epithelial cells and pulmonary vasculature 
during peracute colisepticemia. 
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MATERIALS AND METHODS 
Forty-one one-day-old Broad-Breasted White turkeys were housed 
together for seventeen days and then separated In four groups. Eight 
one-day-old poults were taken randomly and tested for serum titers to 
Escherichia coli 078:K80:H9, 0143;K*:H27 and Mycoplasma synoviae, M. 
gallisepticum, and M. meleagridis. Tracheal swabs were examined for 
hemagglutinating viruses by egg allantoic inoculation (National 
Veterinary Services Laboratory, Ames, Iowa); trachea and lung were 
cultured in Prey's medium (with and without NAD) for Mycoplasma sp. and 
the trachea, lung and right abdominal airsac were cultured on bovine 
blood agar. Mycoplasma and blood agar cultures were repeated on five 
randomly sampled poults the day prior to inoculation. An additional 
group of 25 one-day-old turkey poults were obtained for a second 
experiment that followed a similar protocol. 
Experimental design and inocula 
At 18 days of age, poults were inoculated intratracheally with 0.3 
ml inoculum via insertion of a 3.5 fr catheter into the larynx 
immediately cranial to the syrinx. Turkeys were divided into four 
groups in the two experiments, and each group was housed in separate, 
individually ventilated rooms. In the first experiment, respective 
groups received PBS, E. coli 0143:K*:H27, E. coli 078:K80:H9 in O.IM 
D-mannose, or E. coli 078:K80:H9. In the second experiment, groups 
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received either PBS, E. coll 078:K80:H9, E. coll 078;K80;H9 (to a group 
vaccinated with flmbrlal antigen) or 02:K-:H6. 
Escherichia coll 078:K80:H9, a fimbriated virulent strain, E. coll 
0143:K*:H27, a non-flmbriated virulent strain, and E. coll 02:K-:H6, an 
avlrulent strain, were grown in typticase soy broth for 18 hours.* 
Cultures were centrifuged and PBS was added to pellets to a 
10 8 
concentration of 1.5*10 cfu/ml for the first experiment and 1.7 x 10 
cfu/ml in the second experiment. D-mannose (0.1 M) was added to a 
separate portion of the E. coll 078:K80:H9 inoculum to coat flmbrlal 
binding sites. The different inoculae and also the bactrla isolated 
from Infected birds were tested for fimbriae expression by a) electron 
microscopic examination of negative stained preps and b) slide 
agglutination using anti-fimbrlal antibody. 
Birds were necropsled at pre-determlned times, 0.5, 1, 1.5, 2, 4, 
6, and 8 hours PI in Experiment 1 and 0.5, 1, 2, 4, and 6 hours PI in 
Experiment 2. Prior to necropsy, one ml of blood was drawn aseptically 
in 5% polyanetholesulfonlc acid primed syringes, added to tryptose soy 
broth for culture, and streaked onto blood agar. Birds were killed and 
right abdomenal air sacs were cultured. Trachea, lung, air sac, heart, 
pericardium, liver, spleen, and kidney were fixed in 10% neutral 
buffered formalin. Samples of right and left lung (full thickness) 
were from the area between the second and third rib impressions. 
Sections were cut and stained with H&E, Brown-Brenn modified Gram's 
stain, and toluldlne blue. 
33 
Tissues from poults In Experiment 1 were fixed In 2.5% 
glutaraldehyde with 0.1 M cacodylate buffer. Six one cubic millimeter 
blocks were taken from trachea and between the third and fourth rib 
Impressions of the left and right lung for transmission electron 
microscopy. One 0.5 by 0.5 cm transverse section of the right middle 
lobe and one 0.5 cm thick transverse section of lower trachea and one 
0.3 cm section of right abdomenal air sac were taken for scanning 
electron microscopy. 
Tissues for electron microscopy were buffered In 0.1 M cacodylate 
buffer, fixed In osmium tetroxlde, cleared In propylene dioxide, dried 
In alcohols and flat embedded in epon blocks. One-um-thick sections 
were cut and stained with toluldine blue. From each collection site, 
one and up to six blocks were examined histologically. Thin sections 
were cut from selected blocks with a LKB ultramlcrotome and stained 
with lead citrate and uranyl acetate. To quantify adherence affinities 
and in vivo replication of bacteria in air capillaries, the number of 
bacteria and the location of bacteria within air capillaries were 
determined in lungs up to 2 hours PI. Bacteria within 10 air 
capillaries from three sites in each lung were counted (total number of 
air capillaries per turkey = 60). Criteria for counting Included: a) 
total number of bacteria in air capillaries; b) number of bacteria 
adhered to air capillary epithelial cells (adherence was defined as 
intimate contact between bacterial cell wall and plasma membrane with 
no visible intervening space); c) number of air capillaries with 
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adherent cells; d) number of bacteria In air capillary fornlces; e) 
number of bacteria In air capillary epithelial cell vacuoles. In the 
air capillary basement membrane. In endothelial cells, and In pulmonary 
blood vessels. 
Selected sections of ^  coll 078:K80:H9 Infected lungs were placed 
on nickel grids and bacteria were Identified with colloidal gold. 
Briefly, tissues were etched with sodium perlodate, flooded with 0.1% 
BSA, and then flooded with 1:2000 dilution of rabbit antl-0 to E. coll 
078, followed by 15 nm colloidal gold labeled protein A (Janssen 
Scientific, Glen, Belgium). Controls Included Chlamydia pslttacl, 
Pasteurella multoclda, and ^  coll 0143:K*:H27. 
Tissues for SEM were rinsed In cacodylate buffer, post-fixed In 
1.0% osmium tetroxlde, rinsed with distilled water and dehydrated In 
graded acetones. After critical point drying with Freon 13, 
preparations were mounted on stubs with silver paint, sputter coated 
with gold and examined on a Phillips SEM at 15-25 Kv. 
Fimbriae purification 
Type 1 fimbriae of E. coll 078:K80:H9 were purified by previously 
described techniques with slight modifications. Bacteria were grown 
in Veal Infusion Broth for 72 hours, centrifuged, and fimbriae were 
detached from cells using a Sorvill omnimlxer. Fimbriae were 
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precipitated with a 50% solution of ammonium sulfate and solublllzed In 
0.05 Iris buffer containing 0.5% sodium deoxycholate which dissociated 
fimbriae from outer membrane proteins. Fimbriae were separated from 
cell wall material by ultracentrlfugatlon of discontinuous sucrose 
gradients followed by elutlon through a Sepharose 4B column in 6M urea 
buffer to separate fimbriae from flagella. Purity was determined by 
negative-staining electron microscopy (Fig. 1), SDS-Phast gel 
electrophoresis (Dr. MJ Schmerr, NADC, Ames, Iowa), and by 
immunodiffusion using rabbit antl- ^  coll 078 fimbriae serum (Allen 
Jensen, NADC, Ames, Iowa). Control antibodies consisted of rabbit 
anti-jE. coll 078, normal rabbit serum, and antl-LPS of Pasteurella 
multoclda (Dr. Rick Rlmler, NADC, Ames, Iowa). Protein concentrations 
of the purified sample were determined using a modified Lowry 
procedure. Flmbrlal protein was emulsified in Freund's Incomplete 
adjuvant and 0.1 ml of vaccine containing 50 .ug of fimbriae were given 




E. coll were cultured in high numbers from the blood of all 
Infected turkeys and from the alrsac of 35 of 36 Infected turkeys. 
Bacteria In the blood generally Increased with time (Fig. 2,3). There 
was no significant difference In mean colony forming units for 
Individual groups (total of seven poults/group In Experiment 1, and 5 
poults/group In Experiment 2). Colonies selected from cultures of 
alrsacs and blood of poults within a group Infected with either ^  coll 
078:K80:H9, 0143:K*:H27 or 02:K-:H6, were positive by slide 
agglutination for each respective strain. No Mycoplasma, E. coll or 
virus were cultured from blood or alrsacs of turkeys necropsled prior 
to experimental Infection. Poults did not have antibodies to 
Mycoplasma meleagrldls, M. galllnarum, M. synovlae, or coll. 
Hlstopathology 
Bacterial cells were clearly visible on H&E and Brown and Brenn 
stained sections. Bacteria were most numerous In the air atria and air 
capillaries of parabronchl (located adjacent to the Intrapulmonary 
primary bronchus). Lesser numbers of bacteria were present In 
parabronchl In mid-dorsal areas of lung. There were no obvious 
differences In bacterial location or lesion distribution between 
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groups. Lesions In Experiment 1 were more severe (larger Inoculum) 
than Experiment 2. 
Bacteria were closely adhered to and within cells that lined air 
atria In samples taken at 1.5, 2, 4, 6 and 8 hours post-lnoculatlon 
(PI). Clusters of bacteria were In veins of the lamina propria at the 
Junction between secondary bronchi and parabronchl of poults 0.5, 1, 
1.5, and 2 hours PI (Fig. 4). 
Bacteria were In the pleura and also the Interstitial stroma 
surrounding parabronchl at 0.5, 1, 1.5, and 2 hours PI (Fig. 5). 
Bacteria In air capillaries were separated from Interstitial bacteria 
by thin interstitial fibers of collagen and reticulum and cytoplasmic 
extensions of fibroblasts. Some air capillaries were open to the 
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Interstltium via fenestrae in fibers. Small veins in the 
interstltlum contained dense collections of bacteria. Air capillaries, 
parabronchlal lumens, and the interstltlum contained large numbers of 
bacteria at 4, 6 and 8 hours PI. 
Acute inflammatory lesions were present in the lungs of birds from 
all E. coli-inoculated groups at 0.5 hour PI and thereafter. In 
pulmonary arteries, aggregates of thrombocytes and marginated 
heterophils were present in a multifocal distribution at 0.5 and 1.0 
hours PI. Marked infiltrates of heterophils, lesser numbers of 
macrophages and moderate amounts of fibrin were present in the 
parabronchlal lumens, air atria and the interstltlum. Both the tunica 
adventltia of pulmonary blood vessels and the interstltlum surrounding 
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parabronchl were expanded by marked edema. Most severe Inflammatory 
lesions were present at 6 and 8 hours PI and consisted of dilated 
alrcaplllarles and parabronchlal lumens filled with heterophils, 
macrophages, fibrin and large numbers of bacteria. Dense aggregates of 
heterophils centered around and associated with bacteria were present 
In distended air atria as early as 2 hours PI. Large aggregates of 
heterophils (up to 400 um In diameter) that lacked an atrial cell 
lining (ruptured atria), were also seen In turkeys 4, 6 and 8 hours PI 
In Experiment 1. 
In sections of alrsac and trachea bacteria were free within the 
airways unattached to epithelial cells and mixed with red blood cells, 
fibrin and low numbers of heterophils. Bacteria were not seen In most 
sections. 
Transmission electron microscopy 
Air capillary epithelial cells of control birds were thin 
(approximately 100 nm) and often overlaid by a layer of surfactant. 
They had Irregular, undulated and convoluted thin cytoplasmic membrane 
extensions that protruded Into the alrcaplllary lumen. Portions of 
these cells that lined alrcaplllary fomlces were relatively thick due 
to Increased amounts of cytoplasm, mitochondria and rough endoplasmic 
reticulum. These cells were overlain by trilaminar substance In a 
random and sporadic distribution. 
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Infected air capillary epithelial cells were swollen and had 
highly ruffled, Irregular and sometimes fragmented plasma membranes at 
0.5, 1, 1.5 and 2 hours PI. Bacterial cells were within convoluted 
membranes of air capillary epithelial cells and were mixed with small 
amounts of free surfactant. At 0.5, 1 and 1.5 hours PI, air 
capillaries had bacteria adhered to ruffled projections of cytoplasm 
(Table 1, Fig. 6). The percentage of adherent bacteria (as a ratio of 
adherent bacteria to total number of bacteria) decreased at 1.5 and 2 
hours PI. Of bacteria counted at 0.5 hours PI 26.7% (17.3/64.6) were 
adherent compared to 12% (21/177.7) adherent bacteria at 1.5 hours PI. 
At fornlces of air capillaries, bacteria were within vacuoles and 
cytoplasmic extensions of air capillary epithelial cells; these 
vacuoles were often adjacent to mitochondria and rough endoplasmic 
reticulum. The underlying basement membrane and subjacent vascular 
endothelial cell junction protruded into the vascular lumen (Fig. 
7-10). Bacteria were also within the basement membrane underlying air 
capillary epithelial cells. Rarely, bacteria were within vacuoles of 
vascular endothelial cells (Table 1, Fig. 11). Additional sites in 
which bacteria were seen included the lumen of blood vessels, and 
within phagosomes of Intravascular heterophils (Fig. 12). Many 
bacterial cells were present in the pleura and interstitium surrounding 
parabronchi (Fig. 13). Bacteria were also within the perinuclear 
cytoplasm of small fibroblasts present in the interstitium. These 
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cells had long, thin branching cytoplasmic extensions that often 
paralleled Interstitial collagen fibers. 
Intravascular heterophils and macrophages were present at 0.5 
hours PI, but Increased numbers of marglnated heterophils, aggregated 
thrombocytes and Intravascular macrophages were present at 1, 1.5, and 
2 hours PI. Heterophils were also within the tunica Intima and tunica 
media. Air capillary lumens contained bacterial cells, fragmented 
plasma membranes, surfactant, cytoplasmic debris and polymerized 
fibrin. Numbers of bacteria within air capillary lumens increased with 
time (Table 1). Total numbers of bacteria increased from a mean of 
64.6 at 0.5 hours PI to a mean of 303.7 at 2 hours PI. In addition, 
greater than 20 bacteria were present in air capillaries at 1.5 and 2 
hours PI. Air capillary epithelial cells in areas of inflammation were 
swollen and electrolucent with dilated rough endoplasmic reticulum and 
moderately, swollen mitochondria. Capillary endothelial cells were 
enlarged and contained prominent rough endoplasmic reticulum the 
cisterna of which was slightly distended by an osmiophilic homogenous 
material. 
At 4, 6 and 8 hours PI, air capillaries were distended by large 
numbers of closely aggregated bacteria many of which were long 
(approximately 3 um) with central septae and division constrictions 
(replication). Other air capillaries were filled with fibrin, 
fragmented membranes, cell debris, and heterophils and large 
macrophages which contained bacteria within phagosomes and 
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phagolysosomes. Mr capillary epithelial cells were markedly swollen 
and had fragmented apical plasma membranes, and swollen mitochondria 
with fragmented cristae (Fig. 14). Small arteries were surrounded by 
marked adventitial edema with separation of reticular, elastic and 
collagen fibers. Endothelial cells were swollen, enlarged and had 
dilated rough endoplasmic reticulum containing electron dense material. 
Some endothelial cells contained large, oval residual bodies. 
Capillary lumens were partially occluded by aggregates of degranulate 
thrombocytes, polymerized fibrin, heterophils and macrophages. 
Adjacent, less affected air capillaries were often distended by RBCs, 
heterophils and macrophages. 
Air atrial lining cells of control turkeys were flat to cuboidal 
and had microvilli that were regularly spaced at the apical surface. 
In the basolateral cytoplasm these cells contained small segments of 
rough endoplasmic reticulum and perinuclear Golgi complexes which were 
surrounded by small vacuoles. Atrial cells had one of two types of 
secretory vesicles. Granular cells contained thin membranes arranged 
in laminated whorls or parallel rows (osmiophilic inclusion bodies). 
Nongranular cells contained thick membrane-like material (trilaminar 
substance) approximately 27 nm thick. Many nongranular cells had 
membranes arranged in a dense, laminated pattern with some vesicles 
opening to the apical surfaces. 
Infected air atria cells were enlarged, swollen and had electron 
lucent cytoplasm and nucleoplasm at 1, 1.5 and 2 hours post-inoculation 
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(PI) (Fig. 15). Bacteria weré In the overlying trilaminar substance, 
within the airway. In secretory vesicles open to the airway, and In 
cytoplasmic vacuoles (Fig. 16). At 4, 6, and 8 hours PI Infected air 
atrial cells were degenerate or necrotic and were characterized by 
marked swelling. Irregularly directed microvilli, cytoplasmic blebs, 
dilated mitochondria and perlpherallzed nuclear chromatin (Fig. 17). 
Some cells were desquamated from the basement membrane. Severely 
degenerate atrial cells were often adjacent to uninfected cells with 
normal structure. 
Scanning electron microscopy 
Small and sparse clusters of 5-15 bacterial cells were on both 
dilated and nonclllated (with short mlcrovllll-projectlons) cells of 
the tracheas from poults Inoculated with non-mannose coated ^  coll 
078:K80:H9 (Fig. 18). Rarely, portions of mucosa lining air atria were 
covered by multifocal collections of trilaminar substance. Bacteria 
were within small depressions of this material (Fig. 19). Large 
numbers of bacteria were present beneath non-clllated epithelium of a 
secondary bronchus In a lung Infected with  ^coll 0143:K*:H27 (Fig. 
20). In multifocal areas, lung air capillaries were filled by exudate. 
Inflammatory cells and scattered bacteria at 4, 6, and 8 hours PI (Fig. 
21). Parabronchl had narrowed lumens and were consolidated by numerous 
bacteria, fibrin and exudate at 8 hours PI (Fig. 22). 
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In air sac samples, bacteria were in clusters on alrsac surface 
epithelium and surrounded by fibrin and exudate (Fig. 23). Large 
collections of mucus were seen near the air sac ostla often associated 
with ciliated epithelial cells. The mucus commonly contained bacteria. 
Only two poults had gross lesions (8 hours PI, a 078:K80:H9 
Infected and a 0143:K*:H27 Infected poult). The lesions were discrete, 
oval, 1 cm In diameter, solid, grey colored foci adjacent to the 
Intrapulmonary primary bronchus. 
Experiment 2 
Lesions were less severe In this group and few bacteria were 
present within sections; Intravascular clusters of bacteria were not 
seen. Large aggregates of bacteria surrounded by dense Infiltrates of 
heterophils were present In distended air atria of several poults at 4 
and 6 hours PI. 
Fig. 1 Purified type 1 fimbriae» negative stain. PTA. Bar =0.1 
urn. 

Fig. 2 Colony-forming units (cfu) of Escherichia coll Isolated per 
milliliter of blood from individual turkeys in Experiment 1 
given phosphate-buffered saline (PBS) (# ), E, coll 
0143;K*:H27 in PBS (E33), E. coll 078:K80:H9 in 0.1 M 
D-mannose (••), and coll 078:K80:H9 in PBS (GB). No 
bacteria were Isolated from poults given PBS alone (cfu = 0). 
Bars represent results of serial dilutions of the blood 
sample and blood agar plate counts. 
Fig. 3 Colony-forming units (cfu) of Escherichia coll isolated per 
milliliter of blood from individual turkeys in Experiment 2 
given phosphate-buffered saline (PBS) (* ), E. coll 
078:K80:H9 in PBS (EZ3), coll 078:K80:H9 to poults 
vaccinated with purified fimbria (Hi)* and coll 02:K-:H6 
in PBS (E33). No bacteria were Isolated from poults given 
PBS alone (cfu = 0). ( # ) Denotes a low level of bacteremia 
detected by BHI enrichment broth using 0.5 ml of blood. Bars 
represent results of serial dilutions of the blood sample and 
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Fig. 4 Intravenous cluster of bacteria at the junction of a 
secondary and parabronchus. Ciliated, psuedostratlfled 
epithelium of the secondary bronchus; lumen of parabronchl 
(P) H&E. 400X. Poult 1.0 hour PI, E. coll 078;K80;H9. 
Fig. 5 Bacteria within air capillaries and between pleural fibers. 
Aggregates of bacteria overlying cells that line air atria 
(small arrow). Toluldlne blue. 400X. Poult 0.5 hours PI, 
E. coll 078:K80:H9. 
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Fig. 6 Bacterial cell Is adhered to ruffled portion of air 
capillary epithelial cell and a second bacterium Is present 
within the air capillary lumen. Subjacent to the attached 
bacterium, there Is an endothelial cell junction (arrow). 
Fomlces of air capillaries (arrowheads), In one of which 
there are several mitochondria In the cytoplasm of the air 
capillary epithelial cell. Poult 0.5 hours PI, E. coll 
078:K80:H9 In D-mannose. Bar » 1 um. 
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Fig. 7 A bacterium within vacuole of air capillary epithelial cell 
at the fornix of the air capillary. There Is protrusion of 
the basement membrane and endothelial cell junction Into the 
vascular lumen. The adjacent alrcaplllary lumen contains 
trilaminar substance (AC), and a large vascular capillary 
contains an erythrocyte and serum (VC). Poult 0.5 hours PI* 
E. coll 01A3:K*:H27 Infected. Bar = 1 um. 

Higher magnification of Figure 7. The vacuole Is surrounded 
by several mitochondria. The basement membrane Is undulated 
and there Is partial separation of the endothelial cell 
junction (arrow). Bar = 1 um. 
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Fig. 9 Two colloidal gold labeled E. coll 078:K80:H9 at the fornix 
of an air capillary. Adjacent to the vacuole, there Is an 
endothelial cell junction (arrow) and numerous cytoplasmic 
vesicles. Poult 1.0 hour PI. Bar = 1 um. 
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Fig. 10 Several gold labeled ^  coll 078:K80:H9 In distended 
vacuoles of an air capillary epithelial cell. Poult 1.5 
hours PI. Bar = 1 urn. 

Fig. 11 Bacterial cell within a vacuole of a capillary endothelial 
cell. The bacterium is degenerate with cytoplasmic blebs 
and the endothelial cell cytoplasm contains several 
mitochondria and promlnant rough endoplasmic reticulum. 
Poult 1.5 hours ^ I, E. coll 0143;K*:H27. Bar = 1 um. 
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Fig. 12 Intravascular heterophils containing degenerate bacteria 
within phagolysosomes. Polymerized fibrin (arrow). Poult 
1.5 hours PI, E. coll 078:K80:H9 In D-mannose. Bar = 1 urn. 
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Fig. 13 Bacteria present within air capillary (AC) lumens and 
between Interstitial fibers surrounding the parabronchus. 
Fenestrae of Interstitial fibers (arrows). Heterophils 
within the Interstltlum and a capillary (arrowhead). Poult 
0.5 hours PI, E. coll 078:K80:H9 In D-mannose. Bar = 1 urn. 
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Fig. 14 Air capillary lumens contain bacterial cells, fragmented 
membranes and debris. The air capillary epithelial cells 
are swollen and enlarged with fragmented cytoplasmic 
extensions (arrow), disrupted plasma membranes (large 
arrow), dilated rough endoplasmic reticulum and swollen 
mitochondria with fragmented crista. Poult 6 hours PI, E. 
coll 078:K80:H9. Bar = 1 um. 
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Fig. 15 Hypertrophled granular cell that lines air atria. In the 
apical cytoplasm are bacterial cells In vacuoles. In 
addition, there Is prominent rough endoplasmic reticulum 
and golgl with adjacent vesicles (arrowhead). Laminated 
osmlophlllc body (arrow). Poult 1.5 hours PI, coll 
0143;K*:H27. Bar = 1 um. 

Fig. 16 Granular and nongranular cells that line air atria 
partially covered by a thick layer of trilaminar substance 
(TLS). The ILS Is arranged in dense, compact lamellae and 
extends from vesicles onto the apical surface. Bacteria 
are present In the trilaminar substance and within cell 
vacuoles. Some cells also contain laminated osmlophlllc 
Inclusion bodies (arrowhead). Endothelial cells line a 
subjacent, empty vein. Poult 0.5 hours PI, E. coll 
078:K80:H9. Bar = 1 um. 
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Enlarged, necrotic and desquamated granular cell which 
contains several bacteria In apical vacuoles. The cell Is 
electrolucent, lacks Internal organelles and surface 
microvilli are replaced by cytoplasmic blebs. Adjacent 
cells also contain bacteria In vacuoles. Poult 4 hours PI, 
E. coll 0143:K*:H27. Bar = 1 urn. 

Fig. 18 Cluster of several bacteria on nonclllated cells that line 
trachea. Goblet cell (arrow). Poult 1.5 hours PI, E. coll 
078:K80:H9. Bar = 1 um. 
Fig. 19 Individual bacteria are within small depressions and 
partially covered by trilaminar substance. The trilaminar 
substance (TLS) overlies the air atria. Surface of atria 
lining cell (A), and empty oval depressions in the 
trilaminar substance (arrow). Poult 0.5 hours PI, coli 
078:K80:H9. Bar = 10 um. 

Fig. 20 Cut section through a cartllagenous plate of a pulmonary 
bronchus. There Is a collection of bacterial cells beneath 
the non-clllated epithelium and an Individual bacterium Is 
present In the airway lumen. Poult 2 hours PI, coll 
078:K80:H9 In D-mannose. Bar = 10 um. 

Fig. 21 Numerous bacteria admixed with exudate surround a congested 
blood vessel. Fibrin strand (arrow). Poult 8 hours PI, E. 
coll 078:K80:H9. Bar = 10 urn. 
Fig. 22 Cross section through entire lung. Consolidated area of 
lung with narrowed parabronchlal lumens (arrows). Less 
affected, normal appearing parabronchl (arrowhead) with 
prominent trabecula of air atria and crosssectlons of air 
capillaries. Poult 8 hours PI, E. coll 0143:K*:H27. 50X. 

Fig. 23 Bacteria overlying air sac epithelium are surrounded by 
fibrin. Poult 2 hours PI, E. coll 0143:K*:H27 infected. 
Bar a 10 urn. 
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Table 1. Ultrastructural localization of E. coli in air capillaries from 0.5 to 2 
hours post-inoculation in Experiment 1^  
Time PI Location and number of bacteria^  
Total # Adhered Adhered Within BH EC B Greater # of 
of to ACEC to ACEC vacuoles than AC 
bacteria lining of ACEC 20 per with 
fornix AC adherent 
bacteria 
0.5 hour 
(mean) 64.6 17.3 4.3 4 0.6 0 0 0 143 
1®. 66 18.5 6 4 1 0 0 0 15 
ii^  62 17.5 4 5 0 0 0 0 11 
iii® 66 16 3 3 1 0 0 0 17 
1 hour 
(mean) 94.8 24.5 8 2.6 0.3 0.3 0.6 0 17 
i 93 18.5 9 2 1 1 0 0 17 
ii 115 35 12 3 0 0 1 0 15 
iii 76.5 20 3 3 0 0 1 0 19 
1.5 hour 
(mean) 177.7 21 10 11.3 0.3 0 0.6 2.3 12.3 
i 90 22 7 12 0 0 1 1 11 
ii 230 21 17 12 0 0 0 3 14 
iii 213 20 6 10 1 0 1 3 12 
2 hours 
(mean) 303.7 f — — 5.6 — — 
i 27? — — — — » » 5 
ii 34é.5 — — - - — — 8 — — 
iii 286 - - • - - - 6 - -
V^alues are average numbers of bacteria In 30 air capillaries. Bacteria in ten 
air capillaries from three sites in each lung were counted for a total of sixty air 
capillaries. The average of the two lungs were used for this chart. Lungs from control 
turkeys did not contain bacteria. 
A^bbreviations: AC=air capillary, ACEC=air capillary epithelial cell, BM=basement 
membrane, EC=endothelial cell, B=blood. 
*^ 1, Infected with E. coll 0143*:K:H27 in PBS. 
*11, Infected with E. coll 078:K80:H9 in PBS with O.IM D-mannose. 
®iii. Infected with E. coli 078:K80:H9 in PBS. 
C^ell swelling and inflammation prohibited accurate counting. 
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DISCUSSION 
Passage of E. coll across air capillary walls Is an Important 
route of entry Into the bloodstream during early Infection. The 
significance of this route Is supported by the presence of bacteria In 
the air capillary wall. I.e., within air capillary epithelial cells, 
the basement membrane and in endothelial cells, soon after Infection. 
In addition, air capillaries, in contrast to trachea, bronchi, and air 
sacs, were common sites for bacteria to localize. I believe that 
bacteria within the air capillary adhere to air capillary epithelial 
cells and pass across the air capillary wall. The air capillary is a 
logical site for Invasion into the bloodstream because it is where: a) 
the lumen of the respiratory tract is the narrowest, b) the air-blood 
barrier is the thinnest, and c) the large blood volume of vascular 
capillaries is closely associated. 
Bacterial cell wall components may be more Important for vascular 
invasion than fimbriae. This is because alterations aimed at 
influencing the effects of fimbriae (by use of a fimbriated strain, 
non-fimbriated strain, and fimbriated strain in D-mannose and also 
turkeys vaccinated with fimbriae) failed to significantly alter the 
levels of bacteremia and infection of air capillary epithelial cells. 
The outer cell wall components (i.e., outer membrane proteins) may be 
Important for the initiatiation of vascular invasion by mediating 
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adherence to the apical plasma membrane of air capillary epithelial 
cells. Specific receptors present on the apical plasma membrane of air 
capillary epithelial cells may serve as adhesion sites for coll. 
Recently, sialic acid residues have been identified on the apical 
surface of these cells.^  Salmonella cholerasuls, can synthesize 
proteins to stabilize adherence to cells expressing sialic acid 
glycoproteins.^ * Non-fimbrlal, mannose resistant adhesins that mediate 
adhesion of uropathogenic jE. coll strains to epithelial cells have also 
been described. 
Routes of vascular invasion may also Include entrance into the 
peri-parabronchial interstitium, invasion of degenerate blood vessels, 
and penetration of epithelium at extra pulmonary sites. The 
interstitium consists of elongate fibroblasts and long, thin reticular 
and collagen fibers which are fenestrated to allow air flow between 
32 parabronchi. coll passage through the fiber fenestrae into 
interstitium was rapid (0.5 hours PI) and this may be evidence of a 
pathway from air capillaries into interstitial veins. Although 
lymphatic drainage in the lungs of mammals is an Important clearance 
mechanism for fluids and particulate matter, birds have a rudimentary 
respiratory lymphatic system.The interstitial accumulation of 
bacteria may indicate a drainage mechanism of birds analagous to 
mammals. Interstitial and serosal movement may be facilitated by type 
1 fimbriae since D-mannose-blnding lectins have an affinity for fibers 
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In these areas.^  Bacteria within the pleura may further Invade onto 
the mesothellum and spread on serosal membranes. 
Vascular Invasion was likely enhanced by Inflammation after 2 and 
4 hours PI. The marked Inflammation, edema and membrane fragmentation 
was coupled with Intrapulmonary replication of coll (evidenced by 
Increased numbers of bacteria per air capillary and division septa In 
bacterial cells). Destruction of pneumocyte cell membranes by 
Inflammatory factors such as hydrolases, IL-1, TNF, free radicals or 
bacterial cell components (LPS, coll toxins) removes a barrier for 
bacteria to Invade. 
Bacterial penetration of air sacs, nasal sinuses, nasopharynx, 
etc. may also occur following inhalation of organisms but this was not 
clearly shown or examined In this study. Further sampling of air sacs 
may have revealed sites of E. coll adherence and penetration since 
13 bacteria were cultured from 97% of the alrsacs. However, all of 
these extra-pulmonary sites are less suitable for vascular invasion 
12 32 
since they are poorly vascularized relative to lung parabronchl. ' 
Heterophil and macrophage phagocytic clearance of bacteria was 
probably limited during early infection. This is because bacteremia 
(at 0.5 hours) preceded significant heterophil Infiltrates and turkeys 
have low numbers of respiratroy macrophages.^ * In addition, our 
infection technique deposited a high concentration of bacteria which 
likely overwhelmed focal mucosal defenses and phagocytes. The 
concentrated inoculum may not be totally dissimilar to natural 
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Infection when dried fecal particles that contain E. coll are Inhaled 
or turkeys aspirate crop contents.^  Minimal phagocytic clearance and 
the highly concentrated Inoculum may also explain why bacteremia 
occurred with-avlrulent coll 02:K-:H6. Alternatively, this strain 
may have undergone a phase variation In vivo resulting In expression of 
a virulent K type such as Kl. Bacteremia by this strain was unexpected 
because poults exposed to aerosolized, avlrulent strains In another 
study, using lesser numbers of organisms, did not develop 
bacteremia.^ ** 
Both types of cells that line air atria, granular and nongranular 
cells, were infected. Destruction of these cells may result in a loss 
of a protective epithelial cell barrier and decreased production of 
surfactant and trilaminar substance. Because of the rigidity of bird 
lungs, avian surfactant, secreted from granular cells, functions by 
12 29 preventing transudation of fluid into air capillaries. * TLS, 
secreted by nongranular cells, may also keep airways dry by absorbing 
29 
excess fluid. Ulcerated areas of atria are probably covered by 
hyperplastic granular cells since these cells have been demonstrated to 
33 
regenerate and cover denuded areas of epithelium in the Budgerigar. 
E. coll may have an affinity for the trilaminar substance 
overlying lung epithelial cells since bacterial cells were often within 
this material. Chicken trilaminar substance has been suggested to be a 
20 
sphingomyelin. Secretion diminishes in chickens (and probably 
turkeys) as they mature, and trilaminar substance is not commonly found 
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29 In the lungs of adult birds. Turkeys used in this study were 
evidently still young enough for secretion of trilaminar substance. A 
natural resistance to colisepticemia is first seen in birds at 2-4 
weeks of age and is attributed to maturation of immune defense 
31 35 
mechanisms. * This resistance is coincidental to diminished TLS 
secretion. Surfactant secreted from the osmiophilic inclusion bodies 
of granular pneumocytes is rich in disaturated phosphatidylcholine (the 
major phospholipid of mammalian surfactant) and forms a thin layer over 
20 
air capillary epithelial cells. coli may also have an avidity to 
surfactant since bacteria entered aircapillary epithelial cells and 
granular cells and lipopolysaccharide from several conforms has been 
demonstrated to bind sheep surfactant.^  
Atria distended by heterophils likely ruptured and developed into 
the large, dense heterophil aggregates seen at 4, 6, and 8 hours PI in 
Experiment 1. In poults surviving acute infections the unresolved 
aggregates of heterophils may serve as a nidus for the development of 
pulmonary coligranulomas. While histology emphasizes the surface area 
occupied by air capillaries in bird lungs, SEM reveals the large area 
of atrial septae where flowing air first contacts parabronchial 
epithelium. Turbulence induced by atrial septae makes them an 
important site for intlal contact with pathogens and also a pocket for 
gravitational deposition of particulates. 
Lack of a strong affinity of ^  coli to tracheal epithelial cells 
9 35 is consistent with other studies in turkeys. * The poor affinity of 
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D-mannose binding lectins to the apical surface of turkey tracheal 
cells may suggest a lack of receptor sites for type 1 fimbriae in the 
turkey trachea^ . Since only the fimbriated, mannose-free bacteria were 
present in the trachea with SEM, the type 1 fimbria may have aided in 
mucus attachment and movement of nonmannose-coated fimbriated cells 
into the trachea with mucociliary clearance. It has been suggested 
that type 1 fimbriae mediate adherence to gastrointestinal mucus of 
9 turkeys. Alternatively, inflammatory serum proteins in the 
intratracheal serum exudates may also facilitate attachment of low 
numbers of fimbriated cells. In contrast to turkeys, chicken tracheae 
o IS 9ft 
are colonized by ^  coli expressing type 1 fimbriae. ' * 
Although bacteremia was not significantly affected by vaccination 
of fimbrial antigen in this study, immunization with type 1 fimbriae 
protects chicks and poults from challenge with virulent, homologous E. 
19 
coli strains. Anti-fimbrial antibody may facilitate phagocytosis or 
opsonize and prevent excess intrapulmonary replication of bacteria once 
infection occurs rather than preventing tracheal or lung adherence. 
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ABSTRACT 
Thirteen lectins were used to characterize lectln-blndlng 
specificity of glycoconjugates on sections of formalln-flxed lung and 
distal trachea. Tissues were from normal 18-day-old poults, 18-day-old 
poults with acute pneumonia, and ten-week-old poults with chronic 
pneumonia and marked atrial cell hyperplasia. Neuraminidase was used 
to digest sialic acid residues. One N-acetylglucosamlne-blndlng 
lectin, succlnylated Trltlcum vulgare (sWGA), and two 
N-aceytlgalactosamlne/galactose-blndlng lectins, Arachls hypogaea (PNA) 
and Glycln maxlmus (SBÀ), stained the apical membrane and cytoplasm of 
multifocal cells that lined air atria and hyperplastic granular cells. 
Other lectins In these groups, Trltlcum vulgare (WGÂ), Phaesolus 
vulagarls (leukoagglutlnln) (PHA-L), Rlclnus communls-I (RCA-I) stained 
dilated cells of the trachea and bronchi and air capillary epithelial 
cells. Sialic acid residues were on apical surfaces of ciliated and 
nonclllated tracheal and bronchial lining cells, air capillary 
epithelial cells, and vascular endothelial cells. 
Mannose/glucose-binding lectins, Conavalla enslformls (Con A), Lens 
cullnarls (LCA), and Plsum sativum (PSA), stained reticular and 
elastic fibers in the lamina propria of trachea, primary and secondary 
bronchi and the tunica adventltla of arteries and veins. The 
multifocal staining pattern of atria in normal lungs was demonstrated 
using scanning electron microscopy and colloidal gold-PNA conjugate. 
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Gold-labeled cell surfaces were identified with x-ray dispersive 
analysis. By transmission electron microscopy, colloidal gold-PNA 
labeled microvilli on the apical surface of mature granular cells. The 
L-fucose-binding lectin, Ulex europeaus-I (UEÂ-I), in addition to 
several other lectins, stained nonspecifically in both organs. In 
summary, granular cells that line air atria can be identified with 
certain lectins of the N-acetylglucosamine and 
N-acetylgalactosamine/galactose groups. Furthermore, apical surfaces 
of epithelial cells and endothelial cells in the turkey trachea and 
lung express terminal sialic acid residues. 
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INTRODUCTION 
Glycoconjugates comprising the glycocalyx of the respiratory 
epithelium are essential to normal mucociliary and respiratory 
function. In addition, the sugar residues of glycoconjugates can serve 
as receptor sites for respiratory pathogens. Experimentally, 
fimbrial-mediated attachment of Escherichia coli, a respiratory 
pathogen of poultry, to the tracheal mucosa of chickens can be blocked 
by D-mannose residues. 
Biochemical characterization of epithelial cell glycoconjugates is 
generally difficult since samples are often contaminated with sloughed 
21 
cells, bacteria and mucus. Therefore, biotinylated lectins have been 
used hlstochemlcally to determine binding affinities to respiratory 
epithelial cells lining the trachea or lung of the rat, mouse, hamster, 
human fetus, and human adult.Studies of human fetal 
lung have demonstrated sialidation of alveolar lining cells upon 
maturation. Normal and hyperplastic type II pneumocytes isolated from 
lungs of adult humans can be indentified with a specific lectin, 
Madura pomlferia agglutinin (MPA).^ '® Granular cells of turkeys are 
analagous to type II cells of mammals since they are capable of 
23 hyperplasia and secrete surfactant. 
This study aimed to: 1) identify possible adhesin sites for type 
1 (D-mannose-binding) fimbriae of coli, 2) characterize lectin 
binding affinities to specific cell types, and 3) identify sialic acid 
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residues. In this study, a panel of lectins was used to stain trachea 
and lung from healthy 18-day-old turkeys, 18-day-old turkeys with acute 
pneumonia and 10-week-old turkeys with chronic pneumonia and granular 
cell hyperplasia. Sialic acid residues were Identified using 
neuraminidase enzyme digestion. 
101 
MATERIALS AND METHODS 
Distal trachea and lung sections from seven 18-day-old turkeys 
were fixed In neutral buffered formalin and stained with H&E, 
Veorhoff-Van Glsen stain, Gomorl's reticulum stain, Masson's Trlchrome 
stain and 13 different blotlnylated lectins (Vector Laboratories, 
3 
Burllngame, CA) using previously described methods (Table 1). The 
same concentrations of lectins were used for trachea and lung sections 
and the lowest concentration resulting In specific staining was used. 
Lectin binding specificity was tested by: a) mixing each lectin with a 
0.1 M solution of Its Inhibitory sugar for 20 minutes before 
application and b) treating sections with 1% sodium perlodate prior to 
labeling for 10 minutes; both techniques prevented staining. Several 
sections were incubated with Vibrio cholera neuraminidase 
(NA)(lU/ml;Sigma) for 18 hours at 37^ C and then stained with PNA or WGA 
for the detection of sialic acid residues. Neuraminidase cleaves 
sialic acid residues and exposes penultimate galactose residues that 
can be stained by PNA. Sialic acid residues can then be determined by 
comparing PNA staining before and after NA treatment. Several sections 
were incubated with galactose oxidase (5U/ml) for 18 hours at 25'C and 
stained with PNA. Galactose oxidase oxidizes galactose residues into 
aldehydes that are not bound by PNA. 
The battery of lectins were also used on formalin-fixed, paraffin 
embedded sections of trachea and lung from two turkeys inoculated 
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Intratracheally with Escherichia coli 0143;K*:H27 and lung from two 
ten-week-old turkeys infected with Chlamydia psittacl. Lungs from 
turkeys infected with ^  coli had marked focally-extensive suppurative 
pneumonia, and Chlamydia infected lungs were characterized by a marked 
multifocal chronic, lymphoplasmacytic pneumonia with marked multifocal 
hyperplasia of granular cells. 
PNA conjugated with 15 nm colloidal gold (Polysciences, Inc.) was 
directly labeled to lung tissue for scanning and transmission electron 
microscopy. Lung sections 0.5 by 0.5 cm from four poults were fixed in 
2.5% glutaraldehyde for 4 hours and stored in 0.1 M cacodylate buffer. 
Tissues were rinsed in microtiter plate wells containing 0.2 M PBS with 
1.0% BSA for 5 minutes and transferred to a solution of gold-labeled 
PNA (34 ug/ml) for 1 hour, washed 3 times for 5 minutes with BSA. 
Control tissues were either processed without lectin or incubated with 
the gold-lectin previously mixed with 0.1 M N-acetylgalactosamine. 
Tissues for scanning electron microscopy were then dehydrated in graded 
alcohols, mounted on a stub with silver paint and coated with 10 nm 
carbon. Carbon-coated samples were examined on a JEOL JSM 840A 
scanning electron microscope at 4-6 Kv with the SE (scanning mode) and 
6-10 Kv with the BE (backscatter mode). Highly intensive electron 
discharging foci believed to be sites labeled with gold were tested for 
elemental content using a Tracor-Northern Energy Dispersive X-ray 
Spectrophotometer and a Kevex Delta V Micrcanalyzer with a Quantum 
Detector (Jerry Amenson, Materials Analysis and Research Laboratory, 
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Iowa State University). Tissues for transmission electron microscopy 
were post-fixed in osmium tetroxide, embedded in EPON and thin sections 
were stained with lead citrate and uranyl acetate. Thin sections were 
examined on a Philips electron microscope. 
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RESULTS 
Each lectin binding group (mannose/glucose, N-acetylglucosamlne, 
N-acetylgalactosamine/galactose, and L-fucose) stained different areas, 
but most lectins within a group stained similarly (Table 2,3). No 
staining was present In lung or trachea when blocking sugar was 
prelncubated with lectin or In perlodate treated sections. 
In healthy turkeys, the mannose/glucose-blndlng lectins, Conavalla 
enslformls (Con A), Lens cullnarls (LCA), and Plsum sativum (PEA) 
consistently (7/7 turkeys) stained the lamina propria of the trachea 
and pulmonary bronchi and the adventltia of lung and trachea blood 
vessels (Fig. 1). These lectins also stained small vacuoles in 
epithelial cells that lined tracheas but failed to stain the apical 
membrane. Tritlcum vulgare (WGA) Inconsistently stained the apical 
membranes of ciliated and nonclliated cells of the trachea (5/7;6/7), 
primary and secondary bronchi and capillary endothelial cells and 
consistently stained cells that line air atria and air capillary 
epithelial cells. In contrast, succinylated Tritlcum vulgare (sWGA) 
stained only the apical cytoplasm and surface of cells that line air 
atria. 
Glycln maxlmus (SBA), Arachls hypogaea (PNA), Phaesolus vulgaris 
(PHA-L) and Rlclnus communis I (RCA-I) stained apical surface of cells 
that line air atria and PHA-L and RCA-I Inconsistently stained 
additional other cell types: PHA-L stained apical surfaces of 
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nonclllated cells of the trachea and ciliated and nonclllated cells of 
the primary and secondary bronchi; RCÂ-I stained apical surfaces of 
nonclllated cells of the trachea, primary and secondary bronchi and air 
capillary epithelial cells. Staining of air atria lining cells by both 
N-acetylglucosamlne (WGA, sWGA) and 
N-aceytlgalactosamlne/galactose(SBA, PNA,PHA-L,RCA-I)-binding lectins 
was discontinuous In that multifocal. Individual cells were stained 
(Fig. 2). 
Following Incubation with neuraminidase (NA), PNA consistently 
stained additional cell types. The apical surfaces of dilated and 
nonclllated tracheal and bronchial cells, air capillary epithelial 
cells and vascular endothelial cells were all stained by PNA following 
NA treatment (Figs. 3-5). No differences In staining were seen In the 
cells that line air atria between neuramlnldase-PNA stained sections 
and PNA stained sections. WGA staining following NA digestion was 
restricted to air atria lining cells. Galactose oxidase treated 
sections inhibited PNA staining both before and after neuraminidase. 
Lectin staining of degenerate eplthella and adventitial fibers In 
lungs with acute pneumonia was decreased In areas of acute 
flbrlnosuppuratlve inflammation. Staining of degenerate and sloughed 
atrial cells was haphazard and pale (Figs. 6,7). Areas of lung 
unassoclated with acute Inflammation stained similarly to lungs of 
healthy poults. No differences in staining pattern were seen in 
stained sections of trachea. 
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In lungs of 10-week-old turkeys with chronic pneumonia, lectin 
staining patterns and neuramlnldase-PNÂ staining patterns were similar 
In normal areas of lungs (nonhyperplastlc) to the normal 18-day-old 
poults. Furthermore, there was multifocal staining of cells that line 
air atria using lectins sWGA, SBÂ and PNÂ. The apical cytoplasm and 
surface of hyperplastic granular cells that lined air atria also 
stained with PNA, SBA and sWGA (Fig. 8). 
Verhoff-Van Glesln, Gomorl's and Masson Trlchrome stains 
highlighted areas with interstitial fibers. These areas were the 
lamina propria of the trachea and pulmonary bronchi, the pleura and the 
tunica adventitia of tracheal and pulmonary arteries and veins. Ulex 
europeas (UEA-I), Phaesolus vulagarls (leukoagglutlnln) (PHA-E), 
Sophora japonlcum (SJA) and Grlffonla simpllclfolla- (BSL-)I either did 
not stain or stained sections diffusely and nonspeclflcally at lectin 
concentrations of 0.5, 2.5, 5.0, 25 and 50 ug/ml. 
With transmission electron microscopy (TEM), colloidal gold-PNA 
conjugate labeled the plasma membrane of microvilli extending from the 
apical surface of granular cells. These cells had abundant cytoplasm 
and contained several osmiophilic inclusion bodies (GIB) (Fig. 9a). 
Cells that were not labeled included Immature granular cells with scant 
amounts of cytoplasm and few GIB, non-granular cells and air capillary 
epithelial cells (Fig. 9b). In addition, the conjugate did not label 
surfactant and trilaminar substance that was within the airways. 
There was moderate charging of SEM samples and this was alleviated 
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by using a low Kv for both the SE and BE modes. Individual gold 
particles were too small for complete resolution, but clusters of gold 
particles on a focal surface resulted In a highly Intensive electron 
reflecting site on the BE mode (Fig. 10-13). These sites were only 
seen on the surfaces of cells that lined air atria trabeculae and were 
multifocal. Elemental analysis of these foci directly matched the gold 
standard (Fig. 13). Several rare foci that were less electroreflective 
were determined to be silicon. All areas of lung contained carbon from 
the coating process, and a focal area of one sample was partially 
covered by large plaques of intense electron reflecting areas which 
were silver. This silver material was due to small droplets of silver 
paint used for mounting. 
Fig. 1 Diffuse staining of trachea lamina propria by PEA. Normal 
trachea, 18-day-old turkey. 400X. Hematoxylin. 
Fig. 2 PNA staining of the apical surface and cytoplasm of cells 
that line air atria trabecule. Note multifocal staining of 
individual cells. Normal lung, 18-day-old turkey. 400X. 
Hematoxylin. 
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Fig. 3 PNA staining following neuraminidase digestion. There is 
diffuse staining of the cilia of cells lining the trachea, 
the apical portion of non-ciliated cells, and also the 
surface of capillary endothelial cells. Normal lung, 
18-day-old turkey. 400X. Hematoxylin. 
Fig. 4 PNA staining following neuraminidase digestion. There is 
diffuse staining of the apical membrane of arterial 
endothelial cells. Normal lung, 18-day-old turkey. 160X. 
Hematoxylin. 

PNÀ staining following neuraminidase digestion. Staining of 
the apical membrane of lymphoeplthellal cells overlying 
bronchus-associated lymphoid tissue. Note the thin 
folllcular-assoclated epithelium at the dome apex. Normal 
lung, 18-day-old turkey. 400X. Hematoxylin. 
Markedly edematous tunica adventltla of a medium-sized 
pulmonary artery with wide separation of Individual fibers. 
LCA staining Is pale and widely dispersed. There are 
peripheral Infiltrates of heterophils, macrophages and RBCs. 
18-day-old turkey Infected with Escherichia coll 
0143:K*:H27. 400X. Hematoxylin. 
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Fig. 7 Air atria distended by numerous, closely-packed bacteria, 
along with sloughed cells and several heterophils. The 
cells lining air atria are degenerate and some contain 
bacteria. Note the pale and haphazard staining of 
degenerate cells with SBÂ. Elghteen-day-old turkey Infected 
with Escherichia coll 0143:K*:H27. 400X. Hematoxylin. 
Fig. 8 Hyperplastic cells lining distended air atria are closely 
packed and cuboldal. The apical cytoplasm and surface of 
these cells are stained by SBA. The air atria Is filled 
with seroprotelnaceous fluid and low numbers of macrophages, 
neutrophils and lymphocytes. Ten-week-old poult Infected 
with Chlamydia pslttacl. 400X. Hematoxylin. 

Fig. 9a Apical portion of a granular cell. Colloidal gold 
particles (15 nm diameter) conjugated to FNA are adhered to 
the apical plasma membrane and microvilli. Note that the 
gold particles do not adhere to the whorled lamella of 
surfactant (S) present In the air way lumen. Osmlophlllc 
Inclusion bodies within the granular cell cytoplasm 
(arrows). Bar = 1 um. 
Fig. 9b Apical portion of non-granular cell. The cell Is a short 
distance from the granular cell in Figure 9a and It lacks 
colloidal gold particles on Its apical plasma membrane. 
Trilaminar substance (TLS) within the cytoplasm. Bar = 1 
um. 
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Fig. 10 Gold-labeled PNA Is adhered to the surface of cells that 
line air atria. Trabecula of air atria (T). BE 
(backscatter mode). Eighteen-day-old turkey. 15 nm 
colloidal gold; 10 nm carbon. Bar = 10 urn. 
Fig. 11 Higher magnification of gold labeled cell. The cell 
surface is highly ruffled with a contour similar to 
adjacent cells. 15 nm colloidal gold; 10 nm carbon. Bar = 
1 um. 
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Fig. 12 SE or standard mode of Figure 11 with better resolution of 
trabecule of air atria. 10 nm carbon. Bar = 10 urn. 
Fig. 13 Control lung. Lectln-gold probe binding blocked by 0.1 M 
n-acetylgalactosamlne. 10 nm carbon. Bar = 10 urn. 
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Fig. 14 Energy dispersive analysis (EDA) of gold-labeled surfaces. 
A large, single, well-defined output peak matches the gold 







Lectin Abbreviation (ug/ml) 
I. Glucose/mannose group 
Conavalla enslformls (Jack bean) Con A 5.0 
Lens cullnarls LCA 2.5 
Plsum sativum PEA 2.5 
II. N-acetylglucosamlne group 
Trltlcum vulgare (Wheat germ) WGA 2.5 
Succlnylated Trltlcum vulgare sWGA 2.5 
III.N-acetylgalactosamlne/galactose group 
Glycln maxlmus (Soybean agglutinin) SBA 2.5 
Sophora japonlcum SJA 5.0 
Arachls hypogaea (Peanut agglutinin) PNA 2.5;5.0* 
Phaesolus vulagarls (leucoagglutlnln) PHA-L 2.5 
Rlclnus communis I RCA-I 1.25 
Grlffonla slmpllclfolla I . BSL-I 50 
Phaesolus vulgaris (erythroagglutlnln) PHA-E 50 
IV. L-fucose group 
Ulex europeaus I UEA-I 50 
C^oncentration used on tissue sections from ten-week-old poults. 
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Table 2. Lectin hlstochemlcal staining of distal tracheas from 
healthy, 18-day-old turkeys 
Groups^ : D-Mann nAcGlc nAcGal NA 
Trachea 
Con A LCA PEA WGA PHA-L RCA PNA NA/PNA 
Lamina 7/7^  7/7 7/7 0® 0 2/7 0 0 
propria 
Adventltla 7/7 7/7 7/7 0 0 0 0 0 
of blood 
vessels 
Ciliated 0 0 0 3/7 0 0 0 7/7 -
cells 
Nonclllated 0 0 0 0 4/7 5/7 0 7/7 
cells 
*Group abbreviation Indicates: D-Mann = D-Mannose group, nAcGlc = 
N-acetylglucosamlne group, nAcGal = N-acetylgalactosamlne group, NA 
denotes neuraminidase (NA) treatment followed by staining with PNA. 
R^atlo Indicates number of poults with specific staining (n = 7). 
0^ = no specific staining. 
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Table 3. Lectin hlstochemlcal staining of lungs from healthy, 
18-day-old turkeys 
Groups*: D-Mann nAcGlc nAcGal NA 
Con A LCA PEA W6A sWGA SBA PNA PHA-L RCA NA/PNA 
Lung , 
Lamina 7/7° 7/7 7/7 0^  0 0 0 0 0 0 
propria of 
bronchi 
Adventltla 7/7 7/7 7/7 0 0 0 0 0 0 0 
of blood 
vessels 
Ciliated 0 0 0 6/7 0 0 0 2/7 1/7 7/7 
bronchial 
cells 
Nonclllated 0 0 0 5/7 0 0 0 5/7 4/7 7/7 
bronchial 
cells 
Alrcaplllary 0 0 0 7/7 0 0 0 0 5/7 7/7 
epithelial 
cells 
Air atria 0 0 0 7/7 7/7 7/7 7/7 7/7 7/7 
lining 
cells 
Endothelial 0 0 0 5/7 0 0 0 0 0 7/7 
d 
cells 
*Group abbreviation Indicates: D-Mann = D-Mannose group, nAcGlc 
N-acetylglucosamlne group, nAcGal = N-acetylgalactosamlne group, NA 
denotes neuraminidase (NA) treatment followed by staining with PNA. 
R^atlo indicates number of poults with specific staining (n = 7). 
0^ = no specific staining. 
—^ = staining pattern same as PNA alone. 
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DISCUSSION 
Although flmbrlal-medlated adherence has been demonstrated In the 
tracheae of chickens, adherence has not been demonstrated in the turkey 
trachea.This may be explained by low numbers of available 
mannose residues for binding. The D-mannose and glucose-binding 
lectins Conavalia ensiformis (Con A), Pisum sativum (PEA), and Lens 
culinaris (LCA) did not stain the apical surface of respiratory lining 
cells as did lectins from other groups. Lack of staining by Con A was 
especially surprising since this lectin can bind internal sugar 
g 
residues of glycoproteins. Lack of epithelial cell staining may 
reflect: a) low numbers of D-mannose residues present in the apical 
surface of these cells in turkeys; b) blocking of L uannose or glucose 
residues by a complex, three dimensional conformation of the 
glycoconjugates; c) loss of these residues during processing. Most 
glycolipids are probably lost following routine processing and 
decreased lectin binding affinities can be seen in paraffin embedded 
sections when compared to frozen sections. 
On the other hand, staining of the interstitial and lamina propria 
fibers by these lectins may indicate the presence of glycosylated 
elastic, reticular, and collagen fibers and cytoplasmic extensions of 
fibroblasts. Elastic fibers and reticular fibers were especially 
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prominant with traditional hlstochemlcal stains and were In Identical 
locations to areas stained by these lectins. Sugar residues on these 
structures may facilitate serosal spread of ^  coll which express type 
1, D-mannose-blndlng fimbriae. 
Two types of air atria lining cells have been characterized, 
granular and non-granular cells. There Is evidence In this study to 
believe that granular cells, but not non-granular cells, were stained 
by N-acetylgalactosamlne/galactose and N-acetylglucosamlne-blndlng 
11 12 18 lectins. * ' The most convincing evidence was Illustrated by the 
ultrastructural labeling of mature granular cells with the 
colloldal-gold Arachls hypogaea (PNA) conjugate. Cultured type II 
cells from rat and human lungs also have a binding affinity by an 
N-acetylglucosamlne-blndlng lectin, Madura pomlfera agglutinin 
The hlstochemlcal affinity of several lectins to hyperplastic 
atrial cells also supports a granular cell-lectln affinity. Granular 
cells undergo hyperplasia and are similar to type II cells of mammals 
since they secrete surfactant and have been demonstrated to 
reeplthellallze denuded areas of epithelium In Budgerigar lungs 
23 
Infected with Sarcocytls falcatula. Since staining by three of the 
lectins, Arachls hypogaea (PNA), succlnylated Trlticum vulgare (sWGA), 
and Glyclnus maxlmus (SBA), was restricted to cells that line air atria 
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and hyperplastic atrial cells, these lectins may be useful markers for 
avian granular cells. 
Lectins staining the apical surface of granular cells probably 
bind the plasma membrane rather than the overlying surfactant. This 
was demonstrated for FNA with the colloldal-gold-PNA conjugate. In 
addition, the apical surface of air capillary epithelial cells are also 
11 12 
often covered by a thin layer of surfactant, ' but of the six 
lectins that stained atrial cells (cells presumably rich In 
surfactant), Trltlcum vulgare (WGA), succlnylated Trltlcum vulgare 
(sWGA), Glyclnus maxlmus (SBA), Arachls hypogaea (PNA), Phaesolus 
vulagarls (leukoagglutlnln) (PHA-L), and Rlclnus communls-I (RCA-I)) 
only two, WGA and RCA-I, stained the apical surface of air capillary 
epithelial cells. Of these two lectins, WGA may adhere to sialic acid 
residues of the plasma membrane (furthur discussion follows) and RCA-I 
staining was Inconsistent (5/7). Lectins may also bind trilaminar 
substance (TLS), but this material was not seen on transmission 
electron microscopic sections of 10-week-old turkeys and limited to 
occasional air atria of 18-day-old poults (unpublished observations). 
Scanning electron microscopy confirmed the multifocal staining 
pattern of normal, 18-day-old poults. Gold-labeling of SEM samples has 
been used for individual cells such as lymphocytes, but this may be one 
of the first attempts to label whole organs.^  Carbon coating does not 
cover porous surfaces such as bird lung as efficiently as gold sputter 
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coating but was necessary since sputtered gold would overlie and 
obscure the colloidal gold particles. We were able to use a lower Kv 
setting to alleviate much of the charging without severely affecting 
the resolution* Energy dispersive analysis proved to be an excellent 
adjunct to gold-labeling by determining the precise content of 
electroreflective areas. 
FNA staining of neuraminidase (NÂ) digested sections indicates 
that the respiratory lining cells express sialic acid residues. Sialic 
acid residues may be an important receptor for certain pathogens of 
turkeys. For example, virulent E. coll strains may adhere to sialic 
residues to enter pneumocytes that line air capillaries and Bordetella 
1 2 
avium binds sialic acid residues of ciliated tracheal cells. * 
Respiratory epithella of other species also express sialic acid. These 
include tracheal mucous cells in the rat and mouse and alveolar cells 
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of human fetal lung. * The presence of sialic acid residues was 
confirmed by similarity of staining patterns with WGA and NA/PNA. WGA 
can bind sialic acid, but succinate residues on sWGA prevent this 
lectin from binding sialic acid. Therefore, cells that stained with 
WGA, but not sWGA, indicate the presence of sialic acid. In addition, 
WGA following NA treatment resulted in a staining pattern similar to 
sWGA. 
Interference of lectin staining by inflammation was demonstrated 
in lungs with acute pneumonia. This was likely due to the action of 
glycosidases and hydrolases present in acute inflammatory exudates. 
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Altered lectin staining patterns with neoplasia and Inflammation have 
also been reported In other studies.^  
In this study, the lowest concentration of lectin that resulted In 
specific, definitive staining was used. For several lectins, Ulex 
europeaus-I (UEA-I), Phaesolus vulgaris (erythroagglutlnln) (PHA-E), 
Sophora japonlcum (SJA) and Grlffonla slmpllclfolla-I (BSL-I), staining 
specificity was poor regardless of the lectin concentration used. 
Although UEA-I stains human endothelial cells and can be used as a 
marker to Identify these cells In hemangiomas and hemanglosarcomas, 
this lectin did not stain turkey endothelial cells and does not stain 
the endothelial cells of rodents, chickens or endothelial cells of the 
5 19 
canine liver, spleen and kidney. * In contrast, UEA-I does stain 
endothelial cells of many species Including man, monkey, swine, ox, 
cat, dog and sheep.^  
132 
REFERENCES 
1 Ackermann MR, Cheville NF: Escherichia coli passage across the 
air-blood barrier in the lung of turkeys (Meleagrls gallopavo). 
(In preparation). 
2 Arp LH: Bacterial infection of mucosal surfaces: an overview of 
cellular and molecular mechanisms. In: Virulence Mechanisms of 
Bacterial Pathogens» ed. J A Roth, pg. 17, ASM, Washington, DC, 
1988 
3 Alroy J, Uccl AA, Perelra MEA: Lectins: histochemical probes for 
specific carbohydrate residues. In: Diagnostic 
Immunohistochemlstry, Vol 2, ed. DeLellis RA, pg 67. Masson Inc, 
New York, 1984 
4 Brody JS, Vaccaro CA, Joyce-Brady MF: Human pulmonary alveolar 
type 2 cells contain an apical membrane glycoprotein common to 
malignant cells. Lab Invest 59:522-528, 1988 
5 Brown PJ, Stephenson TJ: Ulex europaeus agglutinin 1 lectin 
histochemical staining of dog kidney and bile duct. Res Vet Scl 
45:272-273, 1988 
6 Damjanov I: Biology of Disease. Lectin cytochemistry and 
histochemistry. Lab Invest 57:5-20, 1987 
7 De Harven E, Leung R, Christensen H: A novel approach for 
scanning electron microscopy of colloidal gold labeled cell 
surfaces. J Cell Biol 99:53-57, 1984 
133 
8 Faragglana T, Vlllarl D, Jaglrdar J, Fatll J: Expression of 
sialic acid on the alveolar surface of adult and fetal human 
lungs. J Hlstochem Cytochem 34:811-816, 1986 
9 Goldstein IJ, Poretz RD: Isolation, physiochemlcal 
characterization, and carbohydrate-binding specificity of lectins. 
In: The lectins: properties, functions and applications In 
biology and medicine, eds. Liener EI, Sharon N, Goldstein IJ, pp. 
33-51. Academic Press, Orlando, Florida, 1986 
10 Gylmah JE, Panigraphy B: Adhesion-receptor Interactions mediating 
the attachment of pathogenic Escherichia coll to chicken tracheal 
epithelium. Avian Dis 32:74-78, 1988 
11 Jones AW, Radnor CJP: The development of the chick tertiary 
bronchus. I. General development and the mode of production of 
the osmlophllic inclusion body. J Anat 113:303-324, 1972 
12 Jones AW, Radnor CJP: The development of the chick tertiary 
bronchus. II. The origin of the surface lining system. J Anat 
113: 325-340, 1972 
13 Kahn HJ, Brodt P, Baumal R: Lectin binding by liver and lung 
metastasizing variants of the murine lewis lung carcinoma. Am J 
Pathol 132:180-185, 1988 
14 Lis H, Sharon N,: Applications of lectins. In: The lectins: 
properties, functions, and applications In biology and medicine, 
eds. Liener EI, Sharon N, Goldstein IJ, pg 294. Academic Press, 
Orlando, Florida, 1986 
134 
15 Lopez J, Sesma F Vazquez JJ: The development of the osmlophlllc 
Inclusion body within the granular pneumocyte of chicken lung. 
Anat Rec 210:597-602, 1984 
16 Mason GI, Matthews JB: A comparison of lectin binding to frozen, 
formalin-fixed paraffin-embedded, and acid decalcified paraffin 
embedded tissues. J Histotech 11:223-229, 1988 
17 Moore R, King N, Alroy J: Characterization of colonic cellular 
glycoconjugates in colitis and cancer-prone tamarins versus 
colitis and cancer-resistant primates. Am J Pathol 131:477-483, 
1988 
18 Fattle RE: Lung surfactant and lung lining in birds. In: 
Respiratory Function in Birds, Adult and Embryonic, ed. J Pliper, 
pp. 23-32. Springer-Verlag, New York, 1978 
19 Roussel F, Dalion J: Lectins as markers of endothelial cells: 
comparative study between human and animal cells. Lab An 22: 
135-140, 1988 
20 Schulte BA, Spicer SS: Histochemical methods for characterizing 
secretory and cell surface sialoglycoconjugates. J Histochem 
Cytochem 33:427-438, 1985 
21 Schulte BA, Spicer SS: Light microscopic histochemical detection 
of terminal galactose and ^ -acetylgalactosamine residues in rodent 
complex carbohydrates using a galactose oxldase-schiff sequence 
and peanut lectin-horseradish peroxidase conjugate. J Histochem 
Cytochem 31:19-24, 1983 
135 
22 Schulte BA, Splcer SS: Light microscopic detection of sugar 
residues in secretory glycoproteins of rodent and human tracheal 
glands with lectin-horseradish peroxidase conjugates and the 
galactose oxidase-schiff sequence. J Histochem Cytochem 31: 
391-403, 1983 
23 Smith JH, Meier JL, Neill FJD, Box ED: Pathogenesis of 
Sarcocystis falcatula in the budgerigar. II. Pulmonary pathology. 
Lab Invest 56:72-84, 1987 
24 Van Alstine W6, Arp LH: Influence of Bordetella avium infection 
on association of Escherichia coli with turkey trachea. Am J Vet 
Res 48:1574-1576, 1987 
25 Vierbuchen M, Klein PJ: Histochemical demonstration of 
neuraminidase effects in pneumococcal meningitis. Lab Invest 48: 
181-186, 1983 
26 Weller NK, Kanovsky MJ: Identification of a 185kd Madura 
pomifera agglutinin binding glycoprotein as a candidate for a 
differentiation marker for alveolar type II cells in adult rat 
lung. Am J Pathol 134:277-284, 1989 
136 
GENERAL DISCUSSION AND SUMMARY 
Passage of Escherichia coll across the air-blood barrier Into the 
bloodstream Is considered by some to be a necessary step In the 
development of collseptlcemla. Respiratory tract lesions of E^  coll 
Infection have been well described but the mechanisms of how bacteria 
move from airways Into the bloodstream require elucidation. Hypotheses 
of E. coll passage across the respiratory epithelium Include: 1) 
transport across the JALT (bronchus-associated lymphoid tissue) via H 
cells, 2) direct entrance Into the pulmonary capillaries through air 
capillary epithelial cells, and 3) passage across respiratory 
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epithelium at extra-pulmonary sites such as the air sac. * * 
Evidence suggests that lung should be considered an Important site 
for the development of bacteremia for several reasons: 1) birds have 
an extremely thin air-blood barrier making this a likely site for 
penetration 2) the pulmonary capillary blood volume Is very large 
which makes the vascular system more accessible In the lung compared to 
other organs or other areas of the respiratory tract 3) Infected poults 
and chicks develop bacteremia very rapidly following aerosollzation and 
40 79 99 intratracheal Inoculation. ' ' It is my hypothesis that ^  coll 
passes through air capillary epithelial cells and their basement 
membrane to enter pulmonary capillaries. 
These studies were designed to: 1) determine mechanisms of 
passage by E. coll across the air-blood barrier into the bloodstream. 
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2) determine If flmbrlal expression Is essential for entrance of E. 
coll Into the blood, 3) determine the cytopathology of E. coll 
Infected respiratory cells, 4) characterize the affinities of lectins 
to the glycoconjugates of cells lining the trachea and lung. 
In the first study all Inoculated turkeys became bacteremlc and 
there were no significant differences between groups. Ultrastructural 
lesions of the lung during acute collseptlcemla were shown to Include 
degeneration and necrosis of granular and nongranular cells that line 
air atria. These cells were Infected by fimbriated and ncv.flmbrlated 
E. coll. They developed acute cell swelling, formed cytoplasmic blebs 
and desquamated from the basement membrane. Fimbriated and 
nonflmbrlated strains of ^  coll also Infected air capillary epithelial 
cells. Bacteria were seen in cytoplasmic vacuoles at the fornlces of 
air capillaries. There was often protrusion of the adjacent basement 
membrane and endothelial cell Into the pulmonary capillary. 
Pneumocytes that line air capillaries had evidence of acute cell 
swelling but were less susceptible than atrial cells to necrosis. 
Entrance of ^  coll Into pulmonary capillaries by passing across the 
air capillary epithelial cells and endothelial cells of pulmonary 
capillaries Is an Important route for the development of bacteremia. 
In the second study It was shown that cells lining the trachea and 
lung express sialic acid residues on their apical surface. In 
addition, certain N-acetylglucosamlne (sWGA) and 
N-acetylgalactosamlne/galactose (PNA,SBA)-binding lectins stain only 
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the apical surface of normal and hyperplastic cells that line air 
atria. Decreased staining Intensity was seen during acute, suppurative 
Infection. Mannose/glucose-blndlng lectins did not stain the apical 
surface of any respiratory tract lining cell. The glycocalyx Is vital 
to normal respiratory tract function and Individual component 
carbohydrate moieties are likely Important adhesion sites for 
pathogens. However, lectin histochemistry failed to Identify adhesion 
sites for type 1 fimbriae. 
Findings In these studies show that fimbria are not essential for 
the development of bacteremia. This Is similar to other studies 
Involving tracheal and enteric Infections of turkeys with ^  coll 
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expressing type 1 fimbriae. ' Although lectin binding affinities 
do not directly equate the presence of a specific sugar residues, the 
lack of staining by mannose-blndlng lectins to the apical surface of 
cells would support findings of the first study where entrance Into 
pulmonary capillaries by ^  coll occurred regardless of fImbrlal 
expression and antl-fImbrlal antibody. Instead, cells lining air 
capillaries express sialic acid glycoconjugates which may be Important 
for ^  coll adherence. 
It may be that evolution of bird lungs for Increased efficiency in 
gaseous exchanges also leaves them extra-susceptible to septicemic 
bacteria; this problem would be exacerbated in current managment 
practices that densely confines turkeys. Supporting this notion is the 
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fact that ^  coll Infections In other species are predominantly limited 
to enteric and urinary tract Infections and rarely pneumonias. 
The findings In these studies will contribute to understanding the 
pathogenesis of collseptlcemla In the lung and the development of 
septicemia by Inhaled bacteria In general. Identification of cell wall 
proteins or other components which mediate Invasion Into pneumocytes 
may prove to be excellent strategies for vaccine development. In 
additiont furthur ultrastructural studies of avian pulmonary 
Infections, specifically, chronic Infections, are needed to better 
understand the response of respiratory cells to pathogens. 
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APPENDIX 
Table 1. Summary of toxins elaborated by Escherichia coll strains 
Toxin Structure Disease/Mode of action 
LT-I Protein Dlarrhea/Adenylate cyclase activation 
LT-II Protein Dlarrhea/Adenylate cyclase activation 
SLT-I Protein Hemorraghlc diarrhea/Decreased protein 
synthesis 
SLT-II Protein Possible toxin of Edema disease/unknown 
SLT-IIv Protein Possible toxin of Edema disease/unknown 
STa Polypeptide Dlarrhea/Guanylate cyclase activation 
STb Polypeptide Diarrhea/unknown 
Fig. 1 Schematic diagram of right avian lung with intrapulmonary 
primary bronchus (B), secondary bronchi (S), and 
parabronchi (P). Grooves (G) in lung surface correspond 
to rib locations and divide the lung into lobes. The 
intrapulmonary primary bronchus extends the entire 
distance of the lung and opens into caudal abdominal 
air sacs. 
Fig. 2 Scanning electron micrograph of normal turkey lung. 
Intra-pulmonary primary bronchus (B), large pulmonary 
vein (V), and parabronchial lumen (P). Note the 
numerous intersecting and crisscrossing trabecula (T) 
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